
THE OPTIMUM PARTICLE-SIZE DISTRIBUTION 
OF COAL FOR COAL-WATER SLURRIES 

C.B. Henderson and R.S. Scheffee 

Atlantic Research Corporation 
5390 Cherokee Avenue 

Alexandria, Virginia 22314 

ABSTRACT 

The development of coal-water slurries as a boiler fuel is rapidly approaching 
commercialization. As distinguished from dilute pipeline slurries, fuel slurries are 
stable, highly-loaded (e.g. 70% dry coal by weight) liquids which can be transported, 
stored, pumped, and burned like residual fuel oil. One of the key technologies required 
to obtain highly-loaded, low-viscosity mixtures is the particle size distribution of the 
coal. Two derivations of the optimum particle-size distribution for minimum slurry 
viscosity are compared and shown to result in equivalent forms. The theory of grinding 
is reviewed, and calculated distributions are presented. Experimentally-determined 
particle-size distributions obtained by both wet and dry grinding in ball mills are given 
and compared with the theoretical grinding results. It is shown that near-optimum 
distributions can be obtained by blending. 

I. INTRODUCTION 

For several years, the Atlantic Research Corporation has been developing coal-water 
slurries as a low-cost liquid boiler fuel. As distinguished from dilute pipeline 
slurries, fuel slurries are stable, highly-loaded (e.g. 70% dry coal by weight) liquids 
which can be transported, stored, pumped, and burned like residual fuel oil. To achieve 
the required rheological properties in highly-loaded suspensions, requires a very 
carefully selected distribution of particle sizes and the incorporation of surface- 
active additives. The subject of particle-size distribution, its optimization and 
control, is the subject of this paper. 

11. OPTIMUM PARTICLE-SIZE DISTRIBUTION 

The rheology of a suspension of particles within a liquid is influenced by a number of 
factors which include the size and the distribution of sizes of the particles, particle 
concentration, particle shape, and surface charge. The effects of surface properties, 
although often very important, do not fall within the scope of this paper. 

The sizing of particles to obtain minimum viscosity of a suspension is closely related 
to the sizing of particles for maximum packing density of powder beds. If we ignore 
liquid-particle and particle-particle surface effects, the particle-size distribution 
resulting in maximum bed density will also result in minimum viscosity for a specified 
particle concentration. Consequently, the large body of literature addressing both 
suspensions and powder beds can be utilized. Areview of the extensive literature will not 
be addressed here; only the work of three authors will be discussed. All of the work will 
be limited to either ideal powder beds consisting of spherical particles with only 
mechanical interactions or ideal suspensions containing spherical particles and within 
which all surface interactions are absent. 

In 1928, Furnas (1) derived a theory for the maximum packing density of bimodal 
mixtures, i.e. a bed containing particles of two discrete particle diameters. Assuming 
that the fractional void volumes, Y , of the individual monomodal beds are identical and 
that the ratio of the two particle diameters is large, the composition of maximum density 



is ob ta ined  i f  t h e  sma l l  p a r t i c l e s  f i l l  t h e  i n t e r s t i c e s  Of t h e  l a r g e  p a r t i c l e s  such t h a t  
t h e  t o t a l  bed volume does  no t  i n c r e a s e .  In a u n i t  c e l l ,  t h e  a b s o l u t e  volume of l a r g e  
p a r t i c l e s  i s  V F i l l i n g  t h e  vo id  volume Y wi th  sma l l  p a r t i c l e s ,  t h e  abso lu te  
volume of  sma14 ; a r t i c l e s  i s  Vs = V ( 1 - Y ) .  The volume r a t i o  of  l a r g e  p a r t i c l e s  t o  smal l  
p a r t i c l e s  i s  l l y  and t h e  void  volume o f  t h e  mixed bed is V 2 .  When t h e  r a t i o  of  the  two  
p a r t i c l e  d i a m e t e r s  i s  g r e a t e r  t han  abou t  50,  t h e  theo ry  i s  i n  good agreement wi th  
expe r imen ta l  d a t a .  For r a t i o s ,  l e s s  t h a n  50,  Furnas  employed expe r imen ta l  d a t a  t o  ob ta in  
g e n e r a l i z e d  r e l a t i o n s h i p s  between v o i d s  i n  t h e  bimodal bed ,  c o n c e n t r a t i o n  of l a r g e  
p a r t i c l e s ,  vo id  f r a c t i o n  i n  t h e  monomodal beds ,  and t h e  p a r t i c l e  d i ame te r  r a t i o .  These 
r e l a t i o n s h i p s  have been g r e a t l y  u t i l i z e d  i n  many i n d u s t r i e s  f o r  d i s c r e t e  p a r t i c l e  
mix tu res .  Both theo ry  and expe r imen t  have subsequen t ly  been ex tended  t o  multimodal 
mix tu res  of  d i s c r e t e  p a r t i c l e s .  

1 - V . 

Andreasen and Andersen i n  1930 ( 2 )  and Furnas  i n  1931 ( 3 )  extended  t h e  theory t o  
con t inuous ly  va ry ing  p a r t i c l e  d i a m e t e r s .  Andreasen and Andersen s t a r t  by approximating 
t h e  cont inuous  d i s t r i b u t i o n  w i t h  a s e r i e s  of p a r t i c l e  s i z e  f r a c t i o n s  i n  which t h e  p a r t i c l e  
d i ame te r s  form a geomet r i ca l  p r o g r e s s i o n .  S t a r t i n g  wi th  t h e  f i n e  f r a c t i o n  they 
s u c c e s s i v e l y  add t h e  c o a r s e r  f r a c t i o n s  i n  such a way t h a t  t h e  amount of  each  f r a c t i o n  added 
i s  p r o p o r t i o n a l  t o  the  amount o f  u n d e r s i z e  a l r e a d y  p r e s e n t :  

where i = 1 d e s i g n a t e s  t h e  s m a l l e s t  s i z e  f r a c t i o n  

Reducing t h e  c o n s t a n t  r a t i o  between s i z e  f r a c t i o n s  t o  a d i f f e r e n t i a l  amount, r e s u l t s  i n  a 
d i f f e r e n t i a l  equa t ion :  

- -  dlnV - n = c o n s t a n t ,  
dlnD 

which upon s o l u t i o n  l e a d s  t o  a c o n t i n u o u s  p a r t i c l e  s i z e  d i s t r i b u t i o n :  

F = cDn 
P 

(2) 

(3 )  

where F = cumula t ive  volume of p a r t i c l e s  s m a l l e r  than D 
c p  = c o n s t a n t  

The somewhat a r b i t r a r y  method by which t h i s  r e s u l t  i s  ob ta ined  i s  j u s t i f i e d  by comparison 
wi th  exper imenta l  d a t a  which i n d i c a t e  t h a t  t h e  exponent n should be i n  t h e  range  of 1 / 3  
- 1 1 2 .  

Apparent ly  independen t ly ,  Furnas  i n  1931 a r r i v e d  a t  a s i m i l a r  b u t  somewhat more 
g e n e r a l  r e s u l t .  H e  a l s o  approximates  t h e  con t inuous  d i s t r i b u t i o n  a s  a geomet r i ca l  s e r i e s  
of  d i s c r e t e  p a r t i c l e  d i a m e t e r s .  D e s i g n a t i n g  t h e  d i ame te r  of  t h e  l a r g e s t  p a r t i c l e s  a s  D/ , 
t h e  s m a l l e s t  a s  D,, and t h e  s i z e  r a t i o  of  s u c c e s s i v e  s i z e  f r a c t i o n s  a s  q (Furnas  used fi 
b u t  h i s  d e r i v a t i o n  i s  a p p l i c a b l e  t o  any c o n s t a n t  v a l u e ) ,  t h e  s i z e  of  each  i n d i v i d u a l  
f r a c t i o n  i s  ( s t a r t i n g  from t h e  f i n e s t  f r a c t i o n ) :  

i-1 ( 4 )  D1 = D s , D 2  = qDs , .  . . D .  = q D . .  . . D  - qN-l  
s e -  Ds 

where N = number of component p a r t i c l e  s i z e s  
I f  q i s  ve ry  l a r g e  ( e . g .  50) ,  t h e  e x t e n s i o n  o f  bimodal theory  t o  multimodal mix tu res  
r e q u i r e s  t h a t  t h e  volume r a t i o  of  each  s i z e  f r a c t i o n  t o  t h e  next  s m a l l e s t  s i z e  f r a c t i o n ,  
R ,  be a c o n s t a n t .  Furnas makes t h e  assumpt ion"  t h a t  t h i s  theorem a l s o  ho lds  f o r  any q ,  
however s m a l l ,  w i th  the  p r o v i s i o n  t h a t  t h e  volume r a t i o  o f  consecu t ive  s i z e  f r a c t i o n s  i s  

9: This  can be shown t o  be e q u i v a l e n t  t o  t h e  b a s i c  assumption employed by Andreasen 
and Andersen 

2 



no longe r  t h e  same a s  f o r  t h e  optimum m i x t u r e  a t  l a r g e  v a l u e s  o f  q .  Based on t h i s  
assumption,  Furnas o b t a i n s  h i s  e q u a t i o n  f o r  t h e  optimum p a r t i c l e  s i z e  d i s t r i b u t i o n  
which he w r i t e s  as f o l l o w s :  

Furnas d i d  n o t  s p e c i f y  t h e  base  of  h i s  l oga r i thm.  By fo l lowing  h i s  d e r i v a t i o n ,  i t  i s  
r e a d i l y  shown t h a t  t h e  b a s e  i s  e q u a l  t o  q .  Rewr i t ing  t h e  p receed ing  e q u a t i o n  and 
d e f i n i n g  t h e  l o g ' s  a s  t h e  n a t u r a l  l o g a r i t h i m s :  

R ln  D./ lnq 1nD / l n q  
- R  s 

'p)i = F D / l n q  e - RlnDs/lnq 
( 6 )  

Since  aclnb = bc lna  f o r  any v a l u e s  o f  a ,  b ,  and c ,  t h e  p receed ing  e q u a t i o n  can a l s o  be 
w r i t t e n  

,. Dn - Dn 

Fp)i= $-<- 
I -  

( 7 )  

n = l n r / l n q  ( 8 )  
Furnas '  Equat ion 7 i s  a more g e n e r a l  form o f  t h e  Andreasen e q u a t i o n ,  t h e  l a t t e r  be ing  
e q u i v a l e n t  t o  t h e  former f o r  Ds = 0 .  The s i m i l a r i t y  i n  form between t h e  two e q u a t i o n s  i s  
t o  be expec ted  c o n s i d e r i n g  t h e  e q u i v a l e n c e  i n  t h e  b a s i c  a s sumpt ions .  

R i s  e q u a l  t o  l / v  f o r  p a r t i c l e  f r a c t i o n s  s e p a r a t e d  by l a r g e  v a l u e s  of q ,  b u t  a s  q 
becomes s m a l l e r ,  R must d e c r e a s e .  Fu rnas  p r e s e n t s  a method f o r  o b t a i n i n g  t h i s  
r e l a t i o n s h i p .  F i r s t ,  he c o n s i d e r s  t h e  optimum d i s c r e t e  p a r t i c l e -  s i z e  d i s t r i b u t i o n  i n  a 
p a r t i c l e - s i z e  range s p e c i f i e d  by upper  and lower l i m i t s ,  D l  , and D,, r e s p e c t i v e l y .  He 
m a i n t a i n s  t h a t  t h e r e  i s  an optimum number o f  s i z e  f r a c t i o n s  w i t h i n  t h e  s p e c i f i e d  range f o r  
maximum load ing  s i n c e  t h e  volume d e c r e a s e  on mixing p a r t i c l e s  of d i f f e r e n t  s i z e s  becomes 
l e s s  e f f i c i e n t  a s  t h e  p a r t i c l e  d i a m e t e r s  become c l o s e r  t o g e t h e r .  He n e x t  assumes t h a t  t h e  
e x p e r i m e n t a l l y  determined r e l a t i o n s h i p  between t h e  volume d e c r e a s e  and t h e  s i z e  r a t i o  i n  
a b i n a r y  system is t h e  same a s  t h e  r e l a t i o n s h i p  between t h e  o v e r a l l  volume d e c r e a s e  and 
t h e  r a t i o  between c o n s e c u t i v e  s i z e s  i n  an N-component system. The optimum number of  s i z e  
f r a c t i o n s  i s  ob ta ined  by minimizing t h e  o v e r a l l  volume d e c r e a s e  on mixing t h e  s i z e  
f r a c t i o n s  i n  t h e  multicomponent sys t em.  Furnas i s  now ready  t o  o b t a i n  h i s  e x p r e s s i o n  f o r  
R .  He assumes t h a t  t h e  v o l u m e t r i c  r a t i o  o f  t h e  l a r  e s t  p a r t i c l e s  t o  t h e  s m a l l e s t  
p a r t i c l e s  should be  t h e  same f o r  any N and t h e r e f o r e  RN-f sou ld  be  a c o n s t a n t  independent  
o f  q ,  o r  e q u i v a l e n t l y  of  N .  He o b t a i n s  t h i s  c o n s t a n t  f rom h i s  optimum number o f  s i z e  
f r a c t i o n s  ob ta ined  f o r  a s p e c i f i e d  s i z e  r ange .  Combining r e s u l t s ,  t h e  exponent  n i n  
Equat ion 8 ,  i s  found t o  be  a complex f u n c t i o n  o f u  and t h e  r a t i o  D The f i r s t ,  and 
most impor t an t  c o n c l u s i o n ,  i s  t h a t  n i s  independent  o f  q .  T h i s  means t h a t  t h e  d e r i v a t i o n  
i s  a s  v a l i d  f o r  con t inuous  d i s t r i b u t i o n s ,  a s  c la imed b y  Furnas ,  a s  f o r  d i s c r e t e  
d i s t r i b u t i o n s .  The v a l i d i t y  i s  of  c o u r s e  dependent  upon t h e  a s sumpt ions  employed. F o r =  Y 

= 500, t h e  optimum v a l u e  o f  n accord ing  t o  t h e  Furnas a n a l y s i s  i s  c a l c u l a t e d  
0.4  t o  be  and 0.'56. ?IDs 

/ D s .  e 

F a r r i s  ( 4 )  p r e s e n t s  h i s  a n a l y s i s  i n  t e rms  o f  t h e  v i s c o s i t y  behav io r  of mult imodal  
suspens ions  i n  a l i q u i d  i n s t e a d  of  t h e  maximum packing o f  a p a r t i c l e  bed.  He o p t i m i z e s  
t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  t o  o b t a i n  t h e  minimum v i s c o s i t y  f o r  a g iven  v o l u m e t r i c  
c o n c e n t r a t i o n  of  p a r t i c l e s .  He a l s o  makes an assumption which i s  e q u i v a l e n t  t o  t h a t  made 
by Andreasen and Andersen as r e p r e s e n t e d  i n  Equa t ion  1 and t o  t h a t  made by Furnas i n  
d e r i v i n g  Equat ion 5 .  F a r r i s ,  however,  p r e s e n t s  h i s  arguments  more l o g i c a l l y  and w i t h  an 
improved b a s i s  of e x p e r i m e n t a l  d a t a .  

F a r r i s  noted t h a t  t h e r e  were s e v e r a l  r e f e r e n c e s  i n  t h e  e x p e r i m e n t a l  l i t e r a t u r e  t o  t h e  
f a c t  t h a t  t h e  f i n e r  p a r t i c l e s  i n  a bimodal suspens ion  behave e s s e n t i a l l y  as a f l u i d  toward 
t h e  c o a r s e r  p a r t i c l e s .  To be  more s p e c i f i c ,  i f  t h e  r a t i o  o f  p a r t i c l e  s i z e s  i s  l a r g e  ( e . g .  
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10 o r  g r e a t e r ) ,  t h e  r e s i s t a n c e  t o  mot ion  encoun te red  by a l a r g e  sphe re  i s  t h e  same when 
pass ing  through a suspens ion  o f  s m a l l e r  s p h e r e s  a s  when i t  passes  through a pu re  l i q u i d  
of t h e  same v i s c o s i t y  and d e n s i t y  a s  t h e  suspens ion .  

F a r r i s  f i r s t  s t a r t s  w i t h  t h e  r e l a t i v e  v i s c o s i t y  ( r a t i o  of suspens ion  v i s c o s i t y  t o  
l i q u i d  v i s c o s i t y )  o f  a monomodal sys t em,  which f o r  n o n - i n t e r a c t i n g  s p h e r i c a l  p a r t i c l e s  
has  been  shown e x p e r i m e n t a l l y  t o  be  a unique f u n c t i o n  o f  t h e  volume f r a c t i o n  of s o l i d s .  
He n e x t  adds c o a r s e r  p a r t i c l e s  o f  much l a r g e r  d i ame te r  ( i . e .  q i s  l a r g e )  t o  the  
suspens ion .  Based on t h e  assumpt ion  t h a t  t h e  f i n e s  a c t  l i k e  t h e  l i q u i d ,  he  c a l c u l a t e s  the 
r e l a t i v e  v i s c o s i t y  of t h e  bimodal m i x t u r e  u s i n g  t h e  same form as f o r  t h e  monomodal system. 
By s u c c e s s i v e l y  adding  c o a r s e r  f r a c t i o n s ,  each  l a r g e r  by a l a r g e  f a c t o r  t han  t h e  next 
s m a l l e r  f r a c t i o n ,  he ex tends  h i s  a n a l y s i s  t o  multicomponent d i s t r i b u t i o n s .  

F a r r i s  o b t a i n s  t h e  optimum p a r t i c l e  s i z e  d i s t r i b u t i o n  by d i f f e r e n t i a t i n g  the  
v i s c o s i t y  o f  t h e  suspens ion  w i t h  r e s p e c t  t o  compos i t ion ,  e q u a t i n g  t o  z e r o ,  and so lv ing  
f o r  t h e  compos i t iona l  v a r i a b l e s .  The optimum composi t ion  of  a multicomponent system i s  
expressed  a s  fo l lows :  

i 
where: Q i  = v . 1  c V 

k=o k 
(10 )  

t h  v .  = volume of  i component 

vo = volume of  l i q u i d  

The form of t h i s  s e r i e s  of  N-1  e q u a t i o n s  i s  p e r f e c t l y  s a t i s f a c t o r y  t o  d e f i n e  the  

e q u a t i o n s .  I f ,  however, t h e  N - 1  e q u a t i o n s  a r c  used t o  s o l v e  f o r  N-1  v a l u e s  of  V i  i n  terms 
o f  an Nth v a r i a b l e ,  a p a r t i c l e - s i z e  d i s t r i b u t i o n  can be  c o n s t r u c t e d .  It i s  convenient  t o  
s e l e c t  t he  p a r t i c l e - l o a d i n g ,  g ,  d e f i n e d  a s  t h e  volume of  p a r t i c l e s  d i v i d i e d  by t h e  t o t a l  
volume, a s  t h e  N t h  v a r i a b l e .  A f t e r  c o n s i d e r a b l e  a l g e b r a ,  t h e  f i n a l  equa t ion  i s  a s  
f o l l o w s :  

. optimum compos i t ion .  As i t  s t a n d s ,  however, i t  i s  d i f f i c u l t  t o  compare wi th  o the r  

i 

where 0 = ( 1-9) -l'N (12)  

T h i s  d i s t r i b u t i o n  i s  independent  of  t h e  s i z e  of t h e  i n d i v i d u a l  f r a c t i o n s .  I f  we  s p e c i f y  
s i z e  f r a c t i o n s  wi th  a g e o m e t r i c a l  p r o g r e s s i o n  of p a r t i c l e  d i ame te r s  and minimum and 
maximum p a r t i c l e  d i ame te r s  Ds and Dj , r e s p e c t i v e l y ,  t h e  p receed ing  equa t ion  i s  
t ransformed t o :  

We no te  t h a t  t h e  form of t h e  d i s t r i b u t i o n  e q u a t i o n ,  Eq (141 ,  i s  e x a c t l y  t h e  same a s  t h a t  
g iven  by Furnas ,  Eq. (7). The exponent  d i f f e r s ,  however. For g = 0 . 6 5  and D ID, = 500, 
a va lue  o f  0 .17  i s  c a l c u l a t e d  f o r  n .  e 

The d e r i v a t i o n  j u s t  d e s c r i b e d  i s  based on p a r t i c l e - s i z e  f r a c t i o n s  s e p a r a t e d  by l a r g e  
f a c t o r s ,  t h a t  i s  by l a r g e  v a l u e s  of  q .  F a r r i s  c l a ims  t h a t  h i s  r e s u l t s ,  i . e .  Eqns. ( 9 )  and 
(10 )  a r e  a l s o  a p p l i c a b l e  i n  sys t ems  i n  which t h e r e  i s  an equa l  i n t e r a c t i o n  between 
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p a r t i c l e s  o f  a d i f f e r e n t  s i z e .  For i n t e r a c t i n g  p a r t i c l e s ,  F a r r i s  d e f i n e s  a crowding 
f a c t o r  f a s  t h e  f r a c t i o n  of  one s i z e  t h a t  behaves  a s  i f  i t  were t h e  n e x t  l a r g e s t  s i z e .  For 
s p h e r i c a l  p a r t i c l e s  t h a t  i n t e r a c t  on ly  mechan ica l ly :  s i m i l a r i t y  shou ld  a p p l y ,  f shou ld  be 
e q u a l  f o r  a l l  p a r t i c l e  s i z e s ,  and Equat ion  9 w i l l  be a p p l i c a b l e .  Applying a d e f i n i t i o n  of  
f and proceeding  through c o n s i d e r a b l e  a l g e b r a ,  i t  can  be shown t h a t  Equa t ions  13 and 14  
a r e  s t i l l  p e r t i n e n t  and independent  of t h e  v a l u e  o f  f .  ) 

Equat ions  13  and 14 were de r ived  s t a r t i n g  w i t h  a d i s c o n t i n u o u s  p a r t i c l e -  s i z e  
d i s t r i b u t i o n .  In  a r r i v i n g  a t  t h e  f i n a l  form, t h e  f a c t o r  q ,  d e n o t i n g  t h e  s e p a r a t i o n  i n  
s i z e  between s u c c e s s i v e  f r a c t i o n s ,  does  n o t  appea r .  Consequent ly ,  i t  can  be concluded  
t h a t  t h e  r e s u l t s  a r e  e q u a l l y  a p p l i c a b l e  t o  con t inuous  d i s t r i b u t i o n s .  

111. EFFECT OF PARTICLE-SIZE DISTRIBUTION ON VISCOSITY 

I n  t h e  p receed ing  s e c t i o n ,  t h e  concept  t h a t  f i n e  p a r t i c l e s  i n  a suspens ion  behave a s  
a f l u i d  toward c o a r s e r  p a r t i c l e s  was used t o  o b t a i n  an optimum p a r t i c l e -  s i z e  
d i s t r i b u t i o n .  Th i s  same concept  was a l s o  used by F a r r i s  t o  c a l c u l a t e  t h e  viscosity of  
multimodal suspens ions  provided  t h e  p a r t i c l e  s i z e  f r a c t i o n s  a r e  s e p a r a t e d  by l a r g e  
f a c t o r s .  These c a l c u l a t i o n s  can  be ex tended  t o  suspens ions  of  mechan ica l ly  i n t e r a c t i n g  
p a r t i c l e s  ( i . e . ,  t h e  i n d i v i d u a l  s i z e  f r a c t i o n s  a r e  s e p a r a t e d  by sma l l  f a c t o r s ) ,  
p rovided  t h e  crowding f a c t o r s  a r e  known - presumably ob ta ined  e x p e r i m e n t a l l y .  

The v i s c o s i t y  of  coa l -water  suspens ions  i s  g r e a t l y  in f luenced  by s u r f a c e  c h e m i s t r y ,  
which i s  o u t s i d e  t h e  scope  o f  t h i s  pape r .  Consequent ly ,  t h e  v i s c o s i t i e s  c a l c u l a t e d  
ignor ing  t h e s e  e f f e c t s  a r e  of  l i m i t e d  v a l u e ,  and t h e  p r i n c i p a l  v a l u e  of  t h e s e  
c a l c u l a t i o n s  i s  t o  i l l u s t r a t e  q u a l i t a t i v e l y  t h e  e f f e c t  of p a r t i c l e -  s i z e  d i s t r i b u t i o n  on 
v i s c o s i t y .  The v i s c o s i t y  of  a monomodal sys tem is  shown a s  a f u n c t i o n  of  volume f r a c t i o n  
of  s o l i d s  i n  F igu re  1. This  r e l a t i o n s h i p  has  been ob ta ined  e x p e r i m e n t a l l y  for  non- 
i n t e r a c t i n g  r i g i d  s p h e r e s  and i s  v a l i d  f o r  p a r t i c l e s  a s  s m a l l  a s  4 p m  and as l a r g e  a s  
250 p m .  A s  t h e  volume f r a c t i o n  o f  s o l i d s  approaches  0 . 6 0 5 ,  t h e  r e l a t i v e  v i s c o s i t y  ( t h e  
r a t i o  of  t h e  v i s c o s i t y  of t h e  suspens ion ,  t o  t h a t  of t h e  c a r r i e r )  t e n d s  t o  ve ry  h igh  
numbers. Th i s  volume f r a c t i o n  co r re sponds  approximate ly  t o  a s l u r r y  c o n s i s t i n g  of 65% 
by weight  of c o a l  i n  w a t e r .  Also shown are t h e  r e l a t i v e  v i s c o s i t i e s  of  an op t ima l  
bimodal suspens ion .  The r e d u c t i o n  i n  v i s c o s i t y  by us ing  a bimodal suspens ion  is 
a p p a r e n t .  Add i t iona l  r e d u c t i o n s  a r e  ob ta ined  by i n c r e a s i n g  moda l i ty  even f u r t h e r ;  f o r  
a volume f r a c t i o n  of  0 .66  ( co r re spond ing  t o  a 70% s l u r r y  of  c o a l  i n  w a t e r ) ,  r e l a t i v e  
v i s c o s i t i e s  of  i n f i n i t y ,  51,  30, and 23 a r e  c a l c u l a t e d  f o r  monomodal, b imodal ,  t r i m o d a l ,  

\ 

' and t e t r amoda l  m i x t u r e s ,  r e s p e c t i v e l y .  

I V .  PARTICLE-SIZE DISTRIBUTIONS OBTAINED I N  BALL MILLS 

Coal a s  o rde red  from t h e  mine may have a t o p  s i z e  of  5 cm o r  l a r g e r .  The t o p  s i z e  of  
t h e  c o a l  t o  be  employed i n  a f u e l  s l u r r y  i s  t y p i c a l l y  25Wm o r  s m a l l e r .  The p a r t i c l e  s i z e  
m u s t  be r educed ,  t h e r e f o r e ,  by a f a c t o r  o f  a t  l e a s t  200; t h e  f i n a l  p a r t i c l e - s i z e  
d i s t r i b u t i o n  must meet s t r i n g e n t  r equ i r emen t s  a s  no ted  i n  p r i o r  s e c t i o n s ;  and t h e  
comminution must be accomplished i n  an  economical manner.  

The p rocess  employed i n  t h e  l a b o r a t o r y  by t h e  A t l a n t i c  Research  Corpora t ion  s t a r t s  
w i th  a hammer c r u s h e r  w i t h  a c y l i n d r i c a l  g r a t i n g  p laced  benea th  t h e  r o t o r ,  followed by 
a b a l l  m i l l  ope ra t ed  i n  t h e  b a t c h  mode. The c rushed  p roduc t  i s  in t roduced  i n t o  the  b a l l  
m i l l  i n  e i t h e r  d r y  o r  s l u r r y  form. 

The b a l l  m i l l  i s  one of on ly  a number of  d i f f e r e n t  comminution d e v i c e s  which can  be 
used t o  p repa re  pu lve r i zed  c o a l .  I t  has  been s e l e c t e d  f o r  a number of  r easons .  F i r s t ,  
i t  can  ach ieve  t h e  d e s i r e d  r e s u l t s  economica l ly .  Second,  i t  i s  a v a i l a b l e  i n  a range of 
s i z e s  from l a b o r a t o r y  m i l l s  t o  p roduc t ion  m i l l s  w i t h  c a p a c i t i e s  of  hundreds of t ons  pe r  
hour .  T h i r d ,  t h e r e  e x i t s  a wea l th  of  expe r imen ta l  d a t a  which e n a b l e  one t o  p r e d i c t  
per formance ,  p roduc t ion  c o s t s ,  wear and machine l i f e ,  and main tenance .  F i n a l l y ,  
g r i n d i n g  t h e o r i e s  have been developed  and compared w i t h  expe r imen ta l  b a l l  m i l l  r e s u l t s .  
These t h e o r i e s  can be a u s e f u l  a i d  i n  o b t a i n i n g  s p e c i f i c  p a r t i c l e  s i z e  d i s t r i b u t i o n s  and 
w i l l  be d i s c u s s e d  n e x t .  
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Grinding  Theory 

A l a r g e  body o f  l i t e r a t u r e  e x i s t s  on t h e  theo ry  of  gr inding ,much of i t  emanating from 
Pennsylvania  S t a t e  U n i v e r s i t y  (5-7) and from t h e  U n i v e r s i t y  of Utah ( 8 ) .  Most t h e o r i e s  
ag ree  on a b a s i c  e q u a t i o n  f o r  ba t ch  g r i n d i n g  which can  be w r i t t e n  i n  a number of  
d i f f e r e n t  ways. The form used i n  t h i s  work i s  most u s e f u l  i n  o b t a i n i n g  r e s u l t s  w i t h  a 
d i g i t a l  computer.  It i s  conven ien t  t o  t r e a t  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  a s  a s e r i e s  
o f  d i s c r e t e  s i z e s  a s  would be o b t a i n e d  i f  a s c e r t a i n e d  by a s e r i e s  of  s c r e e n s .  Consider 
a s e t  of m s c r e e n s ,  t h e  c o a r s e s t  s c r e e n  be ing  d e s i g n a t e d  by 1 and t h e  f i n e s t  by m .  The 
s i z e  of  t h e  i th  s c r e e n  i s  d e s i g n a t e d  by i t s  a p e r t u r e  x i .  A c o n s t a n t  s c r e e n  r a t i o ,  q ,  i s  
used so t h a t  x i - i / x i  = q .  M a t e r i a l  which i s  r e t a i n e d  on sc reen  i a f t e r  pas s ing  through 
sc reen  i-1 has  a s i z e  range  from x i  t o  x i -1  and has  a weight Wi ( t )  a t  t i m e  t .  This 
m a t e r i a l  w i l l  be r e f e r r e d  t o  a s  b e i n g  of s i z e  x i .  The breakage  e q u a t i o n s  r e p r e s e n t i n g  
weights  i n  f r a c t i o n a l  form a r e :  

a w i ( t )  i=l  
~ b , , k . W . ( t )  - kiWi(t)  

d t  j=1 1J J J 
(15)  

where W ( t )  = f r a c t i o n a l  weight  p a s s i n g  f i n e s t  s c r e e n  R 
k .  = r a t e  c o n s t a n t  = dlnW./d t  

b . .  = breakage  f u n c t i o n  = f r a c t i o n  of  m a t e r i a l  ob ta ined  
1 J  by pr imary  b reakage  of s i z e  j r e t a i n e d  on s c r e e n  i .  

I n  t h e  g e n e r a l  c a s e ,  k i  i s  a f u n c t i o n  o f  b o t h  t ime and s i z e  x i .  The m2 v a l u e s  of  b i .  
a r e  f u n c t i o n s  of t h e  two s i z e s ,  x i  and x '  c a s e s  (which must be a s c e r t a i n e d  
by comparison wi th  e x p e r i m e n t ) ,  k; i s  inde'pendent o f  t i m e  and p r o p o r t i o n a l  to x i ,  and b i j  
i s  a normal ized  f u n c t i o n  which can  be f i t  by t h e  fo l lowing  e q u a t i o n :  

r 
In c e r t a i n  

where y i s  an  e m p i r i c a l l y  de t e rmined  c o n s t a n t  

Combining t h e  r e s t r i c t e d  e q u a t i o n s  f o r  k i  and b . .  w i t h  t h e  d i f f e r e n t i a l  e q u a t i o n ,  
pe rmi t s  one to  s o l v e  fob  p a r t i c l e  s i z e  and p a r t i c l e  size d i s t r i b u t i o n  a s  a f u n c t i o n  of 
t ime .  Conver t ing  t o  f i n i t e  d i f f e r e n c e  form,  and employing a fou r th -o rde r  Runge-Kutta 
numer i ca l  s o l v e r ,  t h e  e q u a t i o n s  have been  programmed f o r  a d i g i t a l  computer.  Input  
v a l u e s  a r e  t h e  number of  s i e v e s ,  t h e  s c r e e n  r a t i o ,  q ,  t h e  f r a c t i o n a l  weights  i n i t i a l l y  
on e a c h  s c r e e n ,  and t h e  c o n s t a n t  y . The o u t p u t  c o n s i s t s  of t h e  f r a c t i o n a l  weights  on each  
s c r e e n  a t  gene ra l i zed  t imes,  a ' t ,  where a i s  e q u a l  t o  t h e  r a t i o  k i x l / x i .  

1.1 

P a r t i c l e - s i z e  d i s t r i b u t i o n s  o b t a i n e d  from b a l l  m i l l s  o f t e n  f i t  a Rosin- Rammler- 
equa t ion :  Bennet t  (RRB 

FP). 
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where D = d iame te r  

b' D50 = 
= c o n s t a n t s  

50% by volume of  p a r t i c l e s  a r e  s m a l l e r  
R t han  t h i s  d i ame te r  

50 

This  d i s t r i b u t i o n  o f  p a r t i c l e  d i ame te r s  ex tends  from z e r o  t o  i n f i n i t y ,  and ,  f o r  
p r a c t i c a l  purposes ,  must be t r u n c a t e d .  I n  o b t a i n i n g  RRB f i t s  of e i t h e r  computer r e s u l t s  
o r  expe r imen ta l  d a t a ,  on ly  p o i r t s  f a l l i n g  w i t h i n  t h e  range 0 .05  < Fp .97 a r e  used .  ' < 

1 Typica l  r e s u l t s  of  p a r t i c l e - s i z e  d i s t r i b u t i o n s  a s  p r e d i c t e d  by t h e  t h e o r e t i c a l  
model a r e  g iven  i n  F igure  2 .  
3 .  
s e l e c t e d .  

An e m p i r i c a l  c o r r e l a t i o n  of  D50 v a l u e s  i s  shown i n  F igu re  
P r e d i c t e d  r e c i p r o c a l  D50 v a l u e s  a r e  l i n e a r  w i th  t i m e ,  based on t h e  breakage  f u n c t i o n  

Exper imenta l  Resu l t s  

Coal-water s l u r r i e s  can  be  made from a wide range  of  c o a l s .  Although c o a l s  of  lower 
r anks  can be  employed, b i tuminous  c o a l s  have r e c e i v e d  t h e  g r e a t e s t  a t t e n t i o n .  Typ ica l  
c o a l s  have v o l a t i l e  c o n t e n t s  between 25 and 40% and Hardgrove i n d i c e s  between 40 and 80. 
Approximately 30 such c o a l s  have been i n v e s t i g a t e d  thus  f a r .  Only a s i n g l e  c o a l  w i l l  be 
d i s c u s s e d  h e r e ;  one wi th  35% v o l a t i l e  m a t t e r ,  6% a s h ,  and a Hardgrove index  of  41. I t  
can  be  cons ide red  a t y p i c a l  c o a l  excep t  f o r  t h e  g r i n d a b i l i t y  index .  Cons ide rab le  
sav ings  a r e  ob ta ined  by us ing  c o a l s  w i t h  l a r g e r  Hardgrove i n d i c e s .  

; 

, 
P a r t i c l e - s i z e  d i s t r i b u t i o n  cu rves  a r e  de te rmined  by wet s i e v i n g  and by Fraunhofer  

p l a n e  d i f f r a c t i o n  f o r  sub-s ieve  s i z e s .  A Malvern Model 2200 p a r t i c l e  s i z e r  and Model 
ET1800 ana lyze r  i s  used f o r  p a r t i c l e s  i n  t h e  range  of  1 . 2  - 1 1 8 ~  m .  

P r i o r  t o  b a l l  m i l l i n g ,  t h e  c o a l  i s  c rushed  i n  a Holmes Bros. Model 201 c r u s h e r  w i t h  
g r a t e s  con ta in ing  1 .6  mm d iame te r  h o l e s .  A s i z e  d i s t r i b u t i o n  curve  f o r  t h e  product  is 
shown i n  F igu re  4 and 5 .  The cu rve  f i t s  t h e  RRB equa t ion  w i t h  a D50 of 2 0 4 p  and a v a l u e  
of 0.96 f o r  1 . Values of 1 a r e  more meaningfu l  when expres sed  a s  a r a t i o  of  D80/D50, 
t h e  conve r s ion  equa t ion  b e i n g :  

(19 )  

For t h e  c rushed  c o a l ,  t h e  r a t i o  D80/D50 i s  equa l  t o  2 . 4  and the  D80 i s  4 9 4 m .  

A j a r  m i l l  wi thout  l i f t e r s ,  21 .3  cm i n  d i a m e t e r ,  and 1 6 . 5  cm long  i s  r o t a t e d  a t  60 
rpm (70% of c r i t i c a l  speed)  wi th  g r i n d i n g  media c o n s i s t i n g  of  s t e e l  b a l l s  1 .59  cm i n  
d i ame te r .  The empty volume of  t h e  j a r  i s  5800 cm3, t h e  b a l l  charge  has  a bu lk  volume of 
2900 cm3 (50% l o a d i n g ) ,  and t h e  vo id  volume w i t h i n  t h e  b a l l  bed i s  1150 cm3. The volume 
o f  d ry  c o a l  or s l u r r y  in t roduced  a s  a charge  t o  t h e  m i l l  i s  equa l  t o  t h e  void  volume, 1150 
cm3. 

The change i n  p a r t i c l e - s i z e  d i s t r i b u t i o n  w i t h  d r y  m i l l i n g  i s  shown i n  F igu re  4 .  
F igu re  5 shows t h e  r e s u l t s  f o r  w e t  m i l l i n g  i n  a s l u r r y  c o n s i s t i n g  of  equa l  p a r t s  of  c o a l  
and water  and c o n t a i n i n g  two p a r t s  o f  a petroleum-based s u r f a c t a n t  pe r  thousand p a r t s  of  
c o a l .  These r e s u l t s  were s t a t i s t i c a l l y  f i t t e d  t o  t h e  RRB e q u a t i o n ;  t h e  r e s u l t i n g  RRB 
cu rves  a r e  a l s o  shown i n  F i g u r e s  4 and 5 .  Using t h e  RRB equa t ions  which b e s t  r e p r e s e n t  
t h e  d a t a ,  t h e  D50 v a l u e s  were c a l c u l a t e d ;  r e c i p r o c a l  v a l u e s  a r e  p l o t t e d  a g a i n s t  time i n  
F igu re  6 .  The D50 v a l u e s  a s  w e l l  a s  t h e  d i s t r i b u t i o n s  a r e  we l l  r e p r e s e n t e d  by t h e  
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. t h e o r e t i c a l  m i l l i n g  e q u a t i o n s  wi th  Y = 2 f o r  bo th  w e t  and d ry  m i l l i n g  and wi th  a = 4.0  
s-1 f o r  d r y  m i l l i n g  and a = 9 . 3  s-l f o r  w e t  m i l l i n g .  A comparison o f  t he  r a t e  Cons tan t s  
f o r  w e t  and d r y  m i l l i n g  show t h a t  t h e  former i s  t h e  l a r g e r  by  a f a c t o r  of more than  two. 

Although the  m i l l i n g  r e s u l t s  shown h e r e  a r e  we l l - r ep resen ted  by s imple  breakage 
f u n c t i o n s ,  such  i s  n o t  always t h e  c a s e .  More compl ica ted  f u n c t i o n s  a r e  r e q u i r e d  f o r  
d i f f e r e n t  c o a l s  and d i f f e r e n t  b a l l  m i l l  c o n d i t i o n s .  

Ob ta in ing  The Optimum D i s t r i b u t i o n  

One method of p rocess ing  coa l -wa te r  s l u r r i e s  i s  t o  b l end  d r y  m i l l e d  c o a l  w i th  a 
s l u r r y  of  wet m i l l e d  c o a l .  For  example,  combining two p a r t s  of d r y  mi l l ed  c o a l  wi th  
t h r e e  p a r t s  of  a 50% s l u r r y  r e s u l t s  i n  a s l u r r y  c o n t a i n i n g  70% c o a l .  A b lend  c a r r i e d  out  
i n  t h i s  r a t i o  us ing  t h e  50% s l u r r y  m i l l e d  f o r  60 minu tes  and d r y  c o a l  m i l l e d  f o r  20 
minutes  has  t h e  p a r t i c l e - s i z e  d i s t r i b u t i o n  shown i n  F i g u r e  7 .  A comparison i s  made w i t h  
an optimum d i s t r i b u t i o n  c a l c u l a t e d  acco rd ing  t o  Equat ion  13  wi th  De = 140,  Ds = 2 . 5 ,  and 
n = 0 .24 .  The b lend  of  t h e  c o a r s e  d r y  m i l l e d  c o a l  (D5o = 5 6 p m )  and t h e  f i n e r  wet-milled 
c o a l  (D50 = 1 1 p  m) r e s u l t s  i n  a near-optimum b lend  w i t h  a D50 = 19pm.  Th i s  b l end  of 
a coa r se  and a f i n e  g r ind  t o  o b t a i n  an  optimum d i s t r i b u t i o n  i s  sometimes c a l l e d  a bimodal 
b l end  even though t h a t  d e s i g n a t i o n  i s  more a p p r o p r i a t e l y  l i m i t e d  t o  d i s t r i b u t i o n s  wi th  
two maxima. 

V. CONCLUSIONS 

The optimum p a r t i c l e - s i z e  d i s t r i b u t i o n s  f o r  minimum v i s c o s i t y  o r  maximum packing  
d e n s i t y  a s  de r ived  by Furnas  and by F a r r i s  have been shown t o  be  e q u i v a l e n t  i n  form, 
namely Equat ion  7 .  Fu rnas '  e q u a t i o n  f o r  t h e  exponen t ,  n ,  d i f f e r s  somewhat from F a r r i s '  
e q u a t i o n ,  t h e  l a t t e r  b e i n g  p r e f e r r e d .  These  e q u a t i o n s  have  been  found t o  be  ve ry  ' 
v a l u a b l e  i n  t h e  fo rmula t ion  of  coa l -water  s l u r r i e s .  I t  i s  n o t  p o s s i b l e  t o  p r e d i c t  t h e  
v i s c o s i t y  o f  t hese  s l u r r i e s  from knowledge on ly  of p a r t i c l e  s i z e s  because  of t he  
importance of  s u r f a c e  chemis t ry  and t h e  i n f l u e n c e  on t h e  chemis t ry  o f  c e r t a i n  a d d i t i v e s  
which which have been found u s e f u l  i n  s l u r r y  development.  

Near-optimum d i s t r i b u t i o n s  of  p a r t i c l e  s i z e  can  be ob ta ined  by b l end ing  p roduc t s  
o b t a i n e d  by b a l l  m i l l s  even though t h e  i n d i v i d u a l  d i s t r i b u t i o n s  ob ta ined  from these  
m i l l s  a r e  no t  optimum. Comminution i n  b a l l  m i l l s  can  be d e s c r i b e d  t h e o r e t i c a l l y ;  t h e s e  
t e c h n i q u e s ,  de r ived  from t h e  l i t e r a t u r e ,  a r e  u s e f u l  i n  i n t e r p o l a t i n g  and e x t r a p o l a t i n g  
r e s u l t s  . 
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VII. NOMENCLATURE 

Particle-Size Distribution 

D = particle diameter 
f = crowding factor defined by Farris 
g = volume fraction of solids in a slurry 
Fp(D) 
N = number of component particle sizes 
R = ratio of absolute volume of particles present in consecutive 

q = diameter ratio between consecutive size fractions 
V = volume 
V = void volume 
4 = volume ratio defined by Farris, Equation 10 

Subs cr i p t s 

cumulative volume of particles smaller than D 

size fractions. 

i =  designates size fractions; 1 is the smallest fraction 
1 = designates largest diameter present 
s = designates smallest diameter present 
50,80 = designate the volume percentage of  particles smaller 

than specified diameter. 
Grinding 

bij = breakage function 
k = breakage rate constant 
m = number of sieves 
t = time 
Wi = weight of material retained on the ith sieve 
xi = aperture of the ith sieve size 
Y = constant in Equation 17 

= constant in RRB distribution function, Equation 18 

Subscripts 
i = designates sieves of different sizes, 1 being the 

largest sieve 

9 



mure 1 Enact ol Bimodal Dlrtdbunon on tk nebme Vlscor@ ol 
Suspnrlons ol Won lntenctlng Spheres 

1000 

500 

- 
3 = 
L 

so 

“0 20 40 00 80 100 
CUMULAnVE WEIGHT X GREATER 

THAN INDICATED W E  
5un 2. Particle She Reduction In I LO.Mm IS Rsdlclsd 

by Theordtlcal Model 1-2. 

7 

6 

5 
0 

% 
I1 4 
5 
0 

2 

’ 0  20 40 80 80 100 

CUMULA’IIVE WEIGHT X GREATER THAW PlWXTED W E  

Rpun 4. Expdrnentrl PImb 81n Dlrtdbubns wtalnsd In W MU%. 

10 



\ 

\ 

THAN NMCATEO SUE 

 pun 5. Experimental ~arncio Sirs MrMbunont 
OblalnQd In Wet Milllnp. 

A9un 6. Cornlation 01 ExpQrlmenlal 0 vahlos - ban 
Gdndlnp tn Labomto* MP 

11 

300 

100 

E 50 
3 
LE 

E 
2 

1 0  

E 5  
t 

' 0  20 40 60 BO 100 
CUMULATIVE WEIGHT X GREATER 

THAN INMCATEO SUE 

Rpum 1. Compidron 01 ParIlclQ~Slze MsVlbuHon ol Bkndsd Coal 
with ODllmum Mstdbunm. 



CWS Rheology: The Ro le  of t h e  Coal P a r t i c l e  
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O c c i d e n t a l  Research C o r p o r a t i o n  
2100 S.E. Main S t r e e t  

I r v i n e ,  C a l i f o r n i a  92713 

I n t r o d u c t i o n  

The r h e o l o g i c a l  p r o p e r t i e s  o f  c o n c e n t r a t e d  suspensions a r e  i m p o r t a n t  i n  a number o f  
i n d u s t r i e s ,  p a r t i c u l a r l y  p a i n t s  and c o a t i n g s .  The work of Chang e t  a1 ( 1 )  ment ions 
some o f  t he  e a r l y  e x p e r i m e n t a l  work i n  t h i s  area, b u t  t h e o r e t i c a l  work on 
c o n c e n t r a t e d  systems i s  q u i t e  l i m i t e d ( 1 - 5 ) .  
assumption o f  independent p a r t i c l e s  i n t e r a c t i n g  o n l y  with f l u i d  sur round ings  i s  n o t  
v a l i d  under these c o n d i t i o n s ,  and the  coup led  mot ions  o f  p a r t i c l e s  can be t r e a t e d  
o n l y  e m p i r i c a l l y ,  The c u r r e n t  r e s e a r c h  a c t i v i t y  i n  coa l  s l u r r y  f u e l s  has caused a 
renewed i n t e r e s t  i n  t h i s  p rob lem because t h e  r h e o l o g i c a l  p r o p e r t i e s  of these f u e l s  
a re  o f  p r i m a r y  importance. T y p i c a l l y ,  one d e s i r e s  a l i q u i d  f u e l  w i t h  65-70 weight 
percent  s o l i d s ,  v i s c o s i t y  on t h e  o r d e r  o f  103 c e n t i p o i s e ,  and r e s i s t a n c e  t o  
sed imenta t ion  and shear d e g r a d a t i o n .  
o f  d i f f e r e n t  p a r t i c l e  s i z e  d i s t r i b u t i o n s  o f  t h e  powdered coa l ,  s u r f a c t a n t s  o r  
w e t t i n g  agents,  and water  s o l u b l e  polymers which a c t  as s t a b i l i z e r s .  

However, t h e  wide v a r i e t y  o f  c h o i c e s  f o r  these t h r e e  compounding v a r i a b l e s  makes t h e  
task  o f  f i n d i n g  t h e  o p t i m a l  f o r m u l a t i o n  q u i t e  t e d i o u s  and unsure.  For t h i s  reason 
t h e  work d e s c r i b e d  below was under taken.  
e f f e c t  o f  p a r t i c l e  s i z e  d i s t r i b u t i o n  (PSD) on the  r e s u l t i n g  s l u r r y  v i s c o s i t y  g iven  
t h a t  a l l  o t h e r  v a r i a b l e s ,  i . e . ,  t h e  a d d i t i v e  package, remain f i x e d .  Comparison o f  
t h e o r e t i c a l  p r e d i c t i o n s  o f  r e l a t i v e  v i s c o s i t i e s  o f  s l u r r i e s  w i t h  d i f f e r e n t  PSD w i t h  
exper imenta l  r e s u l t s  show t h a t  t h e  t h e o r y  can be u s e f u l  i n  o p t i m i z i n g  t h e  PSD. 

The reason f o r  t h i s  i s  c l e a r - - t h e  

These p r o p e r t i e s  can be man ipu la ted  by the use 

i t  r e p r e s e n t s  an a t tempt  t o  i s o l a t e  the  

Theory 

There a re  two s t e p s  i n  t h e  development o f  a model f o r  p r e d i c t i n g  r e l a t i v e  v i s c o s i t y  
f o r  p a r t i c l e  s i z e  d i s t r i b u t i o n .  
e f f i c i e n c y  (volume f r a c t i o n )  OP p o s s i b l e  f o r  a g i v e n  PSD. 
v i s c o s i t y  o f  a s l u r r y  a t  r e a l i s t i c  shear r a t e s  i s  assumed t o  be i n f i n i t e ,  s ince  i t  
r e p r e s e n t s  a random dense p a c k i n g .  Another way o f  v i e w i n g  t h i s  l i m i t  i s  t o  cons ie r  
t h e  f l o w  o f  a s l u r r y  as m o t i o n  o f  t h e  l a r g e r  p a r t i c l e s  over  one another as be ing  
" l u b r i c a t e d "  by  the  m o t i o n  o f  t h e  s m a l l e r  p a r t i c l e s  i n  t h e  i n t e r s t i c e s .  
no mot ion  o f  t h e s e  s m a l l e r  p a r t i c l e s  i s  p o s s i b l e  and hence t h e  v i s c o s i t y  becomes 
v e r y  h igh .  
as t h e  a c t u a l  p a r t i c l e  l o a d i n g  0 approaches t h e  v a l u e  0,. The second s t e p  o f  
t h e  model i s  t o  q u a n t i f y  t h i s  b e h a v i o r .  

I n  o rder  t o  c a l c u l a t e  0, f o r  a g i v e n  PSD t h e  method o f  Lee ( 7 )  has been used. A 
b r i e f  d e s c r i p t i o n  of t h i s  p rocedure  w i l l  be g i v e n  here, b u t  f o r  a d e t a i l e d  d i s -  
c u s s i o n  t h e  r e a d e r  i s  r e f e r r e d  t o  t h e  o r i g i n a l  work. Consider a b i n a r y  PSD, t h a t  i s  
one which c o n s i s t s  o f  o n l y  two s i z e s  o f  s p h e r i c a l  p a r t i c l e s ,  and ask how t h e  maximum 
pack ing  f r a c t i o n  can be de termined.  One procedure i s  t o  fill a volume w i t h  the  
dense random packed l a r g e r  spheres g i v i n g  a p a c k i n g  f r a c t i o n  om ax,^ and then 
f i l l i n g  t h e  r e m a i n i n g  volume w i t h  t h e  s m a l l e r  spheres.  
i s  

The f i r s t  i s  t o  compute t h e  maximum pack ing  
A t  t h i s  l o a d i n g  the  

A t  IP 

Thus i t  i s  expec ted  t h a t  t h e  v i s c o s i t y  o f  a s l u r r y  w i l l  i n c r e a s e  r a p i d l y  

The f i n a l  pack ing  f r a c t i o n  
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h a x  = om ax,^ + (l-flmax,L)-0max,S 

I t  i s  assumed t h a t  om ax,^ = . h a x , s ,  t h a t  i s  t h a t  monodisperse spheres 
a l l  pack w i t h  t h e  same e f f i c i e n c y  i n  dense random pack ings .  
determined by  exper iment  t o  be .639. The compos i t i on  o f  t h i s  m i x t u r e  i s  
xmax,L = Omax  omax ax = ,735. 
t h e  above i s  t h a t  t h e  l a r g e  and smal l  p a r t i c l e s  a r e  s u f f i c i e n t l y  d i f f e r e n t  i n  
d iameter  (DL/Ds > 100) t h a t  t h e  i n t e r s t i t i a l  volumes between t h e  l a r g e  spheres 
Can be Summed and t r e a t e d  as a b u l k  v o i d  f o r  purposes o f  pack ing  t h e  s m a l l e r  
spheres. The exper imen ta l  work o f  McGeary ( E )  i s  used t o  de te rm ine  the  Omax 
f o r  d iameter  r a t i o s  1 < DL/Ds < 20. 
f o r  b i n a r y  m i x t u r e s  o f  a r b i t r a T y  s i z e d  spheres. 
t h e  pack ing  f r a c t i o n  0 Lee 
has g i v e n  an a n a l y t i c a y  p rocedure  f o r  d o i n g  t h i s  under  t h e  assumption t h a t  t h e  
Xmax,L i s  independent o f  t he  d iameter  r a t i o  o f  t h e  spheres. 
assumption i s  based on the  premise t h a t  any o p t i m a l  pack ing  w i l l  c o n t a i n  a dense, 
random pack ing o f  t he  largest .  spheres i n  t h e  system, which i s  t hen  f i l l e d  i n  w i t h  
any a v a i l a b l e  s m a l l e r  spheres. 
pack ing  arrangement w i t h  t h e  maximum number o f  i n s c r i b e d  s m a l l e r  spheres w i l l  
p roduce a l e s s  e f f i c i e n t  pack ing.  F i n a l l y ,  Lee has g i v e n  an a l g o r i t h m  f o r  comput ing 

s p h e r i c a l  p a r t i c l e s .  
i s  g i v e n  below. 

The v a l u e  ass igned i s  

An assumption which i s  i m p l i c i t  i n  

Thus f a r  t h i s  process g i v e s  the.0max 
The n e x t  e x t e n s i o n  1s t o  compute 

f o r  b i n a r y  m i x t u r e s  w i t h  a s p e c i f i e d  compos i t i on .  

T h i s  reasonable 

, 

I t h e  pack ing  f r a c t i o n  0 f o r  m i x t u r e s  which c o n t a i n  an a r b i t r a r y  d i s t r i b u t i o n  o f  

C l e a r l y  t h e  rep lacement  o f  a l a r g e  sphere i n  such a 

?he a lgo r i t hm,  which i s  based on a geomet r i ca l  c o n s t r u c t i o n ,  

N N 

l = I  x j  
j = i  

where B i i  = .639 
0;; = .639 + (0ma,(Di/Dj)-.639)/.265 
0 j  i .639 + (0yax(  D i / D j )  - .639)/.  735 
D i / D ;  > 1 o r  i>.i X i .  =JvElume f r x i t i o n  o f  p a r t i c l e s  o f  d iamete r  D .  
N = number o f  d i s c r e t e  d iamete rs  p r e s e n t  i n  m i x t u r e  
0max(Di /Dj )  = maximum pack ing  f r a c t i o n  o f  b i n a r y  m i x t u r e  

c o n s i s t i n g  o f  spheres o f  d iamete r  D i  and D j .  

The s e t  o f  (0,) va lues  has N members and t h e  s m a l l e s t  one i s  chosen as t h e  
pack ing  f r a c t i o n  0 The a l g o r i t h m  i s  n o t  e a s i l y  unders tood  by  i n s p e c t i o n  
because i t  i s  g rapR ica l  i n  na tu re ,  b u t  i s  developed i n  a s t r a i g h t f o r w a r d  way i n  
Reference 7. 
s i m p l y  per forms a p a r t i c l e  s i z e  ana lys i s ,  d i s c r e t i z e s  t h e  d i s t r i b u t i o n  i n t o  N b i n s ,  
and then  computes 0p. 

In o r d e r  t o  use t h i s  techn ique  t o  p r e d i c t  0, f o r  a c o a l  g r i n d ,  one 

There a re  seve ra l  equa t ions  a v a i l a b l e  f o r  o b t a i n i n g  t h e  r e l a t i v e  v i s c o s i t y  o f  
concen t ra ted  s l u r r i e s  from a knowledge of t h e  pack ing  f r a c t i o n  0, and the  a c t u a l  
volume f r a c t i o n  s o l i d s  0. The Mooney e q u a t i o n  ( 9 )  

7) =q0 exp[2.50/1-0/0p] 

expresses t h e  hydrodynamic v i s c o s i t y  o f  t h e  suspension i n  t h e  l i m i t  o f  h i g h  shear 
r a t e ,  r e l a t i v e  t o  t h e  v i s c o s i t y  of t h e  pu re  suspending medium 
i s  v a l i d  i n  t h e  range where @3@, and where t h e  double l a y e r  Z g c k n e s s  
su r round ing  p a r t i c l e s  i n  aqueous s o l u t i o n  i s  sma l l  compared t o  t h e  p a r t i c l e  
d iamete r .  Both o f  t hese  c r i t e r i a  are s a t i s f i e d  b y  t h e  c o a l  s l u r r i e s  desc r ibed  here,  

Th is  exp ress ion  
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However, t h e  j u s t i f i c a t i o n  f o r  t h i s  fo rm i s  c l e a r  o n l y  f o r  monodisperse o r  s l i g h t l y  
p o l y d i s p e r s e  systems. An a l t e r n a t i v e  i s  t h e  e m p i r i c a l  e q u a t i o n  (1, lO) 

n 

which has been success fu l  i n  d e s c r i b i n g  r e s u l t s  o b t a i n e d  w i t h  suspensions o f  g lass  
beads i n  p o l y i s o b u t y l e n e .  

Exper iments 

The t h e o r y  p resen ted  above has been used i n  two d i f f e r e n t  ways t o  p r e d i c t  t he  v i s -  
c o s i t y  o f  c o a l  water  s l u r r i e s ,  One a p p l i c a t i o n  i n v o l v e d  m i x i n g  a f i n e  g r i n d  o f  coal 
w i t h  a coa rse  g r i n d  i n  v a r y i n g  p r o p o r t i o n s  t o  produce bimodal p a r t i c l e  s i z e  d i s t r i -  
b u t i o n s .  I t  was found by  exper imen t  t h a t  t h e r e  always e x i s t e d  an optimum b lend ing  
p r o p o r t i o n  which produced a s l u r r y  o f  minimum v i s c o s i t y  ( w i t h  the  a d d i t i v e  package 
rema in ing  f i x e d ) ,  
t h i s  optimum b lend  g i v e n  t h e  PSD f o r  t h e  two s t a r t i n g  g r i n d s  and the  t o t a l  weight 
f r a c t i o n  o f  c o a l  t o  be used. The p rocedure  was s i m p l y  t o  compute t h e  pack ing  
f r a c t i o n  0, u s i n g  t h e  above a lgo r i t hm,  c o n v e r t  t h e  we igh t  f r a c t i o n  c o a l  t o  a 
volume f r a c t i o n  0 i n  t h e  s l u r r y ,  and use e q u a t i o n  ( I )  o r  ( 2 )  t o  eva lua te  the  
r e l a t i v e  v i s c o s i t y ? / ? . ,  The va!ue o f ?  was then  s e l e c t e d  t o  s c a l e  the d a t a  a t  
one p o i n t  ( u s u a l l y  h minimum v i s c o s i t  , The r e s u l t s  o f  t h i s  procedure a re  shown 
i n  F igu res  1 and 2. The d a t a  i n  t h e  former u t i l i z e d  two d i f f e r e n t  g r i n d s  o f  t he  
same c o a l  which had median d iamete rs  o f  5 1  and 3 5 p .  A l though the  v i s c o s i t i e s  are 
n o t  p r e d i c t e d  q u a n t i t a t i v e l y ,  t h e  shapes of t h e  cu rves  are s i m i l a r  and t h e  l o c a t i o n  
o f  the minimum i s  g i v e n  c o r r e c t l y .  I n  F i g u r e  2 the  d a t a  was ob ta ined  f rom mix tu res  
o f  two d i f f e r e n t  c o a l s  with median s i z e s  1 5 1 1  and 40  p .  
s i t i o n  g i v i n g  t h e  minimum v i s c o s i t y  i s  g i v e n  c o r r e c t l y .  Both o f  these coa l  s l u r r i e s  
were 65% c o a l  b y  we igh t .  A l s o  e q u a t i o n  ( 2 )  was used t o  compute the  t h e o r y  p o i n t s  i n  
b o t h  cases b u t  e q u a t i o n  ( 1 )  was e q u a l l y  s u i t a b l e ,  t h e  d i f f e r e n c e  be ing  i n  the  width 
o f  the cu rves  r a t h e r  than  i n  the  l o c a t i o n  o f  t h e  minima. 

A second a p p l i c a t i o n  was t o  p r e d i c t  t h e  change i n  v i s c o s i t y  w i t h  c o a l  l o a d i n g  i n  
c o a l  water  s l u r r i e s .  
f e r e n t  g r i n d i n g  c o n d i t i o n s  which r e s u l t e d  i n  d i f f e r e n t  s i z e  d i s t r i b u t i o n s ,  A and 6. 
The volume median ( o r  e q u i v a l e n t l y ,  we igh t )  s i z e s  were 5 0 p  and 2 5 1 1 ,  r e s p e c t i v e l y .  
The 0, co r respond ing  t o  each o f  t hese  P S D ' s  were computed, and t h e o r e t i c a l  
cu rves  drawn u s i n g  e q u a t i o n  ( 2 )  w i t h  0 b e i n g  t h e  independent  v a r i a b l e .  
t h e  x a x i s  i n  t h e  f i g u r e  i s  t h e  more f a m i l i a r  we igh t  pe rcen t  coa l  w h i l e  the  0, 
i n  e q u a t i o n  ( 2 )  i s  t h e  volume f r a c t i o n  c o a l  ( c o n v e r s i o n  was made assuming a coa l  
d e n s i t y  of 1.34 g/cm3). 
b u t  s u b s t a n t i a l l y  l e s s  so when e q u a t i o n  ( I )  i s  used. 

Conc lus ion  

The e f f e c t  o f  c o a l  p a r t i c l e  s i z e  d i s t r i b u t i o n  on t h e  v i s c o s i t y  o f  c o a l  water  
s l u r r i e s  has been analyzed u s i n g  a p a r t i c l e  p a c k i n g  model due t o  Lee i n  c o n j u n c t i o n  
w i t h  an e m p i r i c a l  r e l a t i o n s h i p  between pack ing  e f f i c i e n c y  and v i s c o s i t y .  
t echn ique  i s  a b l e  t o  p r e d i c t  t h e  optimum PSD when one degree o f  freedom i s  present, 
such as t h e  b l e n d i n g  r a t i o  between a coarse and a f i n e  g r i n d  o f  c o a l .  
p resen ted  he re  i 1 l u s t r a t e  t h i s  f o r  t h e  cases where t h e  two g r i n d s  a re  t h e  same Coal 
and where t h e y  are d i f f e r e n t  c o a l s .  I n  a d d i t i o n  d a t a  has been presented which shows 
t h a t  one can p r e d i c t  t h e  behav io r  o f  v i s c o s i t y  v s .  c o a l  l o a d i n g  cu rves  as t h e  PSD of 
t h e  c o a l  i s  va r ied .  Bo th  o f  t hese  achievements are q u i t e  u s e f u l  i n  the  development 
o f  Coal water  s l u r r y  f o r m u l a t i o n s  i n  t h a t  t h e y  a l l o w  t h e  va lue  o f  s p e c i f i c  c o a l  

The t h e o r y  was t e s t e d  t o  see i f  i t  c o u l d  s u c c e s s f u l l y  p r e d i c t  

Again the  b lend  compo- 

F i g u r e s  3 shows v i s c o s i t y  d a t a  f o r  a c o a l  sub jec ted  t o  d i f -  

Note t h a t  

The t h e o r y  i s  q u i t e  success fu l  i n  f i t t i n g  these r e s u l t s ,  

The 

The r e s u l t s  
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g r i n d s  t o  be assessed w i t h o u t  e x t e n s i v e  s l u r r y  p r e p a r a t i o n  and measurement. 
method can a l s o  be used t o  assess t h e  r e l a t i v e  m e r i t s  of unimodal and b imodal  s i z e  
d i s t r i b u t i o n s .  

The 
I 
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BENEFITS OF COAL CLEANING UPON THE 
PERFORMANCE OF COAL-WATER SLURRIES 

R .  A .  Wolfe E, D .  S. Walia 

Uni t ed  Coal Company, B r i s t o l ,  V i r g i n i a  2 4 2 0 3  

I n t r o d u c t i o n  

Coal p r e p a r a t i o n  as  d e s c r i b e d  i n  "days  gone-by" f u n c t i o n e d  around 
t h e  one word - "TIPPLE". T h i s  word, t i p p l e ,  i s  r a p i d l y  l o s i n g  i t s  
i d e n t i f i c a t i o n  w i t h i n  t h e  coal  i n d u s t r y  e x c e p t  f o r  t h o s e  w e  admire  so  
much who have  d e v o t e d  t h e i r  e n t i r e  i n d u s t r i a l  l i f e  t o  t h i s  c o a l  i n -  
d u s t r y .  N o w ,  t h r o u g h  t h e  modern c o a l  i n d u s t r y ,  w e  h e a r  s u c h  t e r m s  as  
coal  washing ,  coal p r e p a r a t i o n ,  c o a l  c l e a n i n g ,  coal b e n e f i c i a t i o n ,  
which a l s o  i n  t h e m s e l v e s  create c o n f u s i o n  a b o u t  what is meant .  

A s  you d r i v e  a l o n g  t h e  Appa lach ian  r o a d s  t o d a y ,  r emnan t s  o f  t h e  
t i p p l e s  o f  "days  gone-by" c a n  be  s e e n .  Long c h u t e s  c a n  be  s e e n  coming 
down t h e  m o u n t a i n s i d e  t o  t h e  l o a d i n g  t r u c k  ramps. These  wooden s t r u c -  
t u r e s  remind  u s  o f  t h e  t e c h n o l o g y  o f  t h a t  day  and t h e y  are  now l e f t  
o n l y  t o  t h e  i m a g i n a t i o n  o f  t h e  a r t i s t  t o  d e s c r i b e  t h o s e  d a y s .  

Today ' s  c o a l  p r e p a r a t i o n  f a c i l i t y  l o o k s  more l i k e  a mass ive  i n -  
d u s t r i a l  complex w i t h  l o n g  b e l t  l i n e s  coming i n  and o u t  of a p r e p a r a -  
t i o n  f a c i l i t y  and  a n c i l l a r y  f a c i l i t i e s  such  a s  d e w a t e r i n g  and r e f u s e  
h a n d l i n g  s y s t e m s .  An a e r i a l  v i ew o f  one of o u r  p r e p a r a t i o n  p l a n t s  i s  
shown i n  F i g u r e  1 .  T h i s  p l a n t ,  l o c a t e d  a t  one of o u r  o p e r a t i o n s  n e a r  
Grundy, V i r g i n i a ,  p r o c e s s e s  i n  e x c e s s  o f  700  TPH of  f e e d  coal i n  b o t h  
coarse and f i n d  coal  c l e a n i n g  c i r c u i t s .  I t  i s  t r u e  t h a t  t h e  coal  i n -  
d u s t r y  i s  now d i r e c t e d  more by  t h e  c h a r a c t e r i s t i c s  and q u a l i t y  of coal 
t h a n  i f  it were j u s t  a b l a c k  v e r s u s  g r a y  color used  y e a r s  ago .  Even i n  
a few y e a r s  from now, t h i s  p r e p a r a t i o n  p l a n t  w i l l  be  o b s o l e t e .  One 
w i l l  s e e  a complex which  l o o k s  s i m i l a r  t o  an  o i l  r e f i n e r y .  V a r i o u s  
g r a d e s  of coal  p r o d u c t s  w i l l  be produced  and t a n k  cars w i l l  b e  used  t o  
c a r r y  t h e  l i q u i d  coal p r o d u c t  away f rom t h e  p l a n t .  The coal i n d u s t r y  
i s  becoming more conce rned  w i t h  t h e  n e e d s  o f  t h e  cus tomer  t h a n  e v e r  be- 
f o r e .  O i l  h a s  r e p l a c e d  coal  i n  many m a r k e t s  because  it i s  a l i q u i d  
t h a t  c a n  be pumped, s t o r e d  and bu rned  much e a s i e r  and c l e a n e r  t h a n  
coal.  With t h e  deve lopment  o f  new t e c h n o l o g y  t o  c o n v e r t  coal i n t o  a 
l i q u i d  f u e l  form t h r o u g h  coa l -o i l  mix ing ,  coal-water mix ing  and even  
w i t h  some new t e c h n o l o g y  s t i l l  on  t h e  h o r i z o n ,  c o a l  c a n  b e  p l a c e d  i n t o  
a c o n v e r t e d  l i q u i d  form s i m i l a r  t o  o i l .  However, one ma jo r  t echno logy  
gap  remains  and  t h a t  i s  t h e  need  t o  remove t h e  non-carbon p r o d u c t s  o f  
a s h  and  s u l f u r  from t h e  c o a l  t o  a l eve l  e q u i v i l e n t  t o  t h a t  r e q u i r e d  
f o r  bu rn ing  o i l .  NOW I d i d  n o t  s a y  t h e  same a s h  and  s u l f u r  l e v e l s  
must b e  a c h i e v e d .  N o ,  one  must l o o k  a t  t h e  b u r n i n g ,  o f f - g a s  s y s t e m s ,  
and r e g u l a t i o n s  and t h e n  d e c i d e  what t h e  a s h  and s u l f u r  l e v e l s  of any  
l i q u i d  c o a l  p r o d u c t  must b e .  

Coal P r e p a r a t i o n  & Impact  on  U t i l i z a t i o n  

The s t e e l  i n d u s t r y  h a s  g e n e r a l l y  b e n e f i t t e d  f rom coal  p r e p a r a -  
t i o n  f r o m  p r o d u c t i o n  o f  m e t a l l u r g i c a l  g r a d e  coal  w i t h  d e s i r a b l e  c o k i n g  
coal th rough  optimum b l e n d i n g  o f  seams of c o a l s  and r educed  a s h ,  s u l -  
f u r ,  and m o i s t u r e  of coal.  Today, almost 100% of m e t a l l u r g i c a l  coal  
i s  p r o c e s s e d  i n  p r e p a r a t i o n  p l a n t s .  Whereas, less t h a n  2 5 %  o f  t h e  
coal burned  by i n d u s t r y  f o r  u t i l - i t y  g e n e r a t i o n  i s  c l e a n e d  b e f o r e  com- 
b u s t i o n .  
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What coal preparation can do. 

- Reduce ash - and sulfur oxide - forming 
components from coal before combustion. 

- Produce consistent quality fuel. 

- Upgrade the heat value of fuel. 

- Optimize the size consist of fuel. 

- Produce multigrade fuel with varied levels 
of ash, sulfur, and heat content. 

The coal producer benefits from the coal preparation through pro- 
duction of improved and premium fuel with broad market acceptability. 
With our recent emphasis to utilize the low ash and low sulfur coal, 
the premium quality coal in the ground is depleting. Coal preparation 
is the only technology available to producers to increase the utiliza- 
tion of low-grade coals. The continuous mining operations are produc- 
ing more fine size and higher ash coal which can only be upgraded 
through proper coal preparation. However, dewatering of the fine size 
coal is still problematic which not only affects the fuel value but 
also is a major problem in handling and transportation due to freezing 

7 in winter months. 

Coal users for industrial applications have been motivated in the 
past primarily by the lowest price coal. Not until the last decade 
have many of the more modern utility companies started to appreciate 
that just because coal is black does not mean it is all the same. To 
.date, compliance of air quality standards has been the prime incentive 

the utilities, Electric Power Research Institute and the U. S. Depart- 
ment of Energy have shown the benefits of coal preparation on overall 
systems and significant reduction on the cost of electricity produc- 

' 

, for using beneficiated coal. However, a number of recent s t u d i e s  by 

\ tion. (1,2,3,4,5) 

These benefits include: 

- Reduced transportation cost through more 
Btu per ton. 

- Improved boiler efficiency and boiler avail- 
ability due to consistent and high quality 
fuel. 

- Reduced operating costs of pulverization, 
ash-handling systems, flue-gas clean-up, 
and ash-disposal systems. 

- Reduced capital cost of boiler and flue 
gas clean-up equipment. 

The American Electric Power Company has been one of the prime ad- 
vocates of benefits of coal preparation of utility application. Mr. 
Gerald Blackmore, the Vice President Of AEP, has spent almost his en- 
tire life in the coal industry and advocating the benefits of coal 
preparation. He has been referred to many times as the "Patron Saint 
of Coal Washing". To prove his point, he points out that AEP's 
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average price to all its customers in 1 9 7 9  was 2.86 cents against an 
estimated national average of 3.94 cents.(6) 

Benefits of Coal Cleaning Upon Performance of Coal-Water Mixtures 

One of the major problems that has hampered coal utilization for 
industrial use is the materials handling problems associated with 
bulky coal. With the advent of new technologies associated with coal- 
oil, coal-water, and coal-methanol mixtures, it is becoming possible 
to put coal into a liquid form where it can be stored in tankers, 
shipped by pipeline and fed into boilers without the manual labor as- 
sociated with coal handling as it is today. 

This type of developing market encourages coal preparation of 
fine size coal and mixing of the coal into a stabilized solution even 
at the preparation plant and shipped directly to boilers through pipe- 
line and fed into boilers without even being touched. 

If this market does develop, as it is expected to do, the utili- 
ties then will be able to replace oil with liquid coal as well as 
develop new boilers designed specifically for this liquid coal form. 
However, much of the development depends upon cleaning the coal to 
very low ash and sulfur levels. United Coal has been pursuing this de- 
velopment for the past several years. In fact, UCC has now developed 
and optimized a commercial coal preparation plant to produce up to 300 
TPH of 2 %  ash coal. Currently, no customers are beating our door down 
for this super-clean coal primarily because the market for replacing 
oil with a liquid coal has not developed. The prime purpose of de- 
veloping this super-clean coal is to optimize the coal feed to make a 
premium coal-water mixture fuel for testing purposes. 

To date, United Coal Company has produced 300 t o n s  of this super- 
clean coal in our commercial plant to optimize our processing condi- 
tions, establish economics of the process and prepare test samples for 
combustion tests by various organizations. A preliminary report on the 
Department of Energy's tests on our coals is given below. A compre- 
hensive detailed report on these tests is currently under preparation 
at DOE. 

Coal-Water Combustion Tests on Beneficiated Coal 

The Department of Energy has conducted several combustion tests on 
coal-water mixture fuel prepared with beneficiated coals. These tests 
were conducted at DOE'S Pittsburgh Energy Technology Center 700 HP com- 
bustion test facility. United Coal Company supplied the beneficiated 
coals from their commercial process and advanced beneficiation process. 

The primary purpose of the tests was to evaluate the particulate 
emissions and furnace ash deposits as a function of ash content in the 
coal. The Department of Energy's combustion test conditions were set 
at excess air of 1 5  weight % ,  combustion air temperature of 5OO0C, 
with a steam output of about 24,000 lbs/hr. Significant test results 
are listed in Table I. 
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TABLE I. TEST RESULTS OF DOE COMBUSTION TESTS 
ON COAL-WATER MIXTURE WITH BENEFICIATED COALS 

Carbon 
Particulate Furnace Ash Conversion 

Coal Type A S  Emission, lb/hr Deposit, lb/hr Efficiency 

. UCC Commercial Coal - 8  120 8 . 9  97.5 

UCC Super-clean Coal ~2 7 9  2 . 3  9 7 . 4  

These test results show that even though the carbon conversion ef- 
ficiency remains about the same, there is significant decrease in par- 
ticulate emissions and furnace ash deposits. The composition of fur- 
nace ash deposits from the low-ash coal was primarily aluminum silicate 
and is highly friable and non-sticky and thus can be blown off with 
blower action. 

These results indicate that by cleaning the coals to low levels 
of ash, the most serious problem of furnace ash deposits can be solved 
thus making coal-water mixture fuel compatible with boilers designed 
for firing low-ash fuel oil. 

J 

1 

\ 
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COAL AQUEOUS MIXTURES 
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Coal aqueous mixtures can be prepared by simply 

mixing pulverized coal with water. Table 1 shows the formulation for 

such a slurry and compares it to one for a modern slurry. 

Simple Slurry Versus Modern Slurry 

A visual inspection of slurries made with these formulations 

would show them to be quite similar. Both would appear to be black 

fluids wi th  comparable viscosities. A closer examination would reveal 

that the simple slurry had a considerable degree of settling while the 

modern slurry was uniform. 

slurries is their concentration of coal. 

Another difference between the two 

\ Table 1 shows that the simple slurry contains 518.5 

pounds of coal per hundred gallons and that the modern slurry has 

725.9 pounds. 

and modern slurry 70% coal. 

of the ingredients in  these slurries shows that simple slurry contains 

about 45% coal and 55% water. 

see that the volume of coal is considerably greater than that of the 

water; 62.6% coal, 36.9% water. 

achieved in part with the use of additives. 

total only 0.5% of the weight of the slurry in some cases, not only 

allows a greater concentration of coal to be incorporated into the 

mixture; but they also disperse the particles, keep them apart and 

Expressed another way, simple slurry contains 53% coal 

A comparison of the volume relationships 

In the modern slurry formulation we 

This higher ratio of coal to water is 

These additives, which can 
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I 
1 

suspended in the medium, and provide the type of flow properties 

necessary to pump and atomize this fuel. 
I 

What are these additives, and how did they come to 

be used in preparing coal aqueous mixtures? 

primarily surface active compounds. 

sciences of colloid and surface chemistry, and of rheology. 

The additives are 

The technology is guided by the 

Preparing Coal Aqueous Mixtures 

The first challenge in preparing coal aqueous slurry is 

to disperse the coal particles into the medium. 

ground into a powder, the coal particles can adhere to each, other in 

aggregates. A dispersion of the particles must be  accomplished. The 

process involves separating t h e  particles in an aggregate until they are 

dispersed. 

as now viewed. 

has various degrees of air and moisture on the surface of the particles 

and in the spaces between them. 

break up these aggregates, by replacing the air with water. The separated 

particles are shown as "wetted." They are covered with a layer of 

water, that has displaced the air. 

active agents and protective colloids on their surface. Coal w i l l  occupy 

less space when it is wetted by a liquid, than when it is mixed with 

air and moisture. 

demonstrated by weighing the amount of powdered coal that can fit 

into a gallon container. 

know from our examination of a modern slurry formulation that it 

contains over 7.25 pounds of coal per gallon, and still has room in the 

When coal has been 

Figure 1 shows different aspects of wetting and dispersion, 

The cluster of coal particles shown as "aggregatedI1 

Work and surfactants are used to 

They also contain adsorbed surface 

The volume of air displaced is considerable, it 

This is generally about 4 pounds. Yet we 
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container for over 3 pounds of water. 

, 

\ 

I t  is believed that after the coal particles are wetted- 

out, they disperse uniformly throughout the medium into individual 

pieces shown as "dispersed.I1 

particles in the suspension are separated sufficiently for the repulsive 

force to exceed the attractive force(1). If the attractive force is 

stronger, the particles are believed to re-combine as  flocculates. 

cluster shown as 

that the surface of the particles and the space between them contain 

water rather than air. 

Nevertheless, they act as if they are single large particles, and tend 

to settle more rapidly. 

The dispersed state is achieved if the 

The 

differs from the aggregated cluster in 

As a result they are easier to redisperse. 

The Interaction Forces Between Particles 

There are three major types of interaction forces 

between colloidal particles: 

forces (DLVO), 3. Solvation, adsorbed layers(2). 

forces is shown graphically in Table 2. 

1. London - van der Walls, 2. Coulombic 

The effect of these 

London - van der Waals forces are due to the influence 

of the dipoles within the particles acting on each other. 

attractive forces which are electromagnetic in nature. 

to assign a negative value to an attraction potential and a positive 

value to a repulsion potential. 

They are 

It is conventional 

Coulombic forces may be either attractive or repulsive, 

but are almost always repulsive when dealing with coal particles dispersed 
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/ 
in water. They are electrostatic in nature and arise from the unequal 

distribution of ions in solution around the particle and at  its surface. 

This unequal distribution causes one side of the interface to acquire a 

net charge of a particular sign and the other side t o  acquire a net 

charge of the opposite sign, giving rise to a potential across the interface 

and the so-called electrical double layer(3). 

can depend upon the degree of electrostatic repulsion. 

which is related to t h e  thickness of the electrical double layer. 

I <  
I The stability of a dispersion 

The degree of 

The interplay of the electromagnetic and electrostatic 

forces forms the substance of the DLVO theory, which deals in a 

fundamental manner wi th  the kinetics of flocculation and the stabilization 

of particle dispersions. Although the DLVO theory is very useful in  J 

predicting the effect of ionic surfactants as electrical barriers to 

flocculation, other factors m u s t  be considered to explain the effect of 

surfactants on dispersion stability. 

Surfactants that are polymers or that have long polyoxyethy- 
~ 

lene chains may form non-electrical barriers to flocculation in aqueous 

media. An adsorbed layer of non-ionic surfactant on the surface of a 

particle can provide a steric hindrance to close particle approach by 

interposing a mechanical barrier. 

between the surfaces is increased by twice the thickness of the adsorbed 

layer. 

large that interaction of the adsorbed layers occurs, there is a decrease 

in the entropy of the system. 

introduced by Mackor and van der Waals in reference to the loss of 

movement in the tails of the adsorbed molecules when two adsorbed 

layers interpenetrate(4). 

When particles collide, the distance 

When the attractive force a t  this distance is still sufficiently 

The term llentropic repulsion" was 
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Properties of Coal 

The water requirement of coal aqueous mixtures is a 

function of the properties of the constituents in the slurry. 

the coal, the water, and the additives. 

properties of the coal have a major influence on the amount of water 

needed to achieve a slurry with desired flow characteristics. 

a heterogeneous substance that is a mixture of combustible metamorphosed 

plant remains that vary in physical and chemical composition(5). 

These are 

The chemical and physical 

Coal is 

Coal may be classified by rank according to fixed 

carbon content and heating values. 

correlate with higher BTU values that designate the coals that usually 

make better fuels. 

Higher carbon content generally 

I 

Coals with higher volatile matter improve the 

combustion properties of aqueous slurries. 

Coals also differ considerably in physical structure. 

The structure of coal can be so intricate and extensive as to make 

them something like a solid sponge(6). 
1 

The mineral matter and sulfur content of coal show 

Of course, coals that are low in these materials large variations. 

produce slurries that are lower in pollutants and cause less ash deposits 

in furnace. Another way to make slurries that are low in pollutants 

and less prone to furnace fouling, is to beneficiate the coal prior to 

its incorporation into slurry. 

that remove a substantial part of the ash content of a coal and lower 

its sulfur concentration. This can now be accomplished at  very high 

rates of recovery and excellent slurries are being prepared with this 

beneficiated coal. 

Beneficiation processes have been developed 
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Coal Size Consist 

Another property of coal to be studied that may influence 

its water requirement in aqueous mixtures is size consist. 

coarse size consist has a relatively small surface area per unit weight 

and requires less water to coat the coal particles. 

lower amount of water is needed to fluidize the particles, and slurry of 

higher solids content can be produced. 

has a relatively large surface area per uni t  weight which requires more 

water to coat the coal particles. However, the finer particles may fit 

into the interstices between t h e  larger particles thereby reducing the 

void volume. 

Coal with a 

Consequently, a 

Coal with a fine size consist 

. f, 

Predictions of t h e  packing patterns of coal particles are 

complicated by many factors among which are size, size distribution, 

and particle shape. 

representing the size distribution of powdered c ~ a l ( ~ ) . ~ ~ ~ ~  

well as empirical methods, have been employed to determine coal size 

consists that have the lowest water requirement. 

particle size distribution likely to give the lowest water requirement 

would include sizes that might be too large for good combustion and 

suspension properties, and the procedures needed to produce this type of 

size distribution would be expensive. Certainly, economic considerations 

as well as fuel properties are influential in determining the size consist 

of coal to be used in aqueous slurry. 

The Rosin-Rammler relationship was developed for 

as 
7 

However, the type of 
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Slurry Formulation 

Coal aqueous mixtures have been prepared containing 

Coal, water, a nonionic surfactant, and also defoaming agents, gums and 

salts. Nonionic surfactants containing polyoxyethylene can be used I t  is 

believed that they  lower the surface tension of t h e  water, keep the 

coal particle from flocculating, promote suspension, and provide good 

flow properties. 

mixtures, nonionics can be employed at  concentrations of less than 

0.4%. 

\ 
While playing a major role in producing coal aqueous 

\ 

Anti-foam agents can be used to lower the amount of 

foam in the slurry. 

used to increase the viscosity of the medium. The quality of the water 

can also influence the stability of the slurry and its solid concentration. 

Water can contain soluble minerals which become electrolytes in the 

slurry, that can have an effect on the electrical balance of the system. 

Slurries stabilized with non-ionic surfactants are less susceptible to 

their influence. 

Also, gums such as water soluble resins can be 

1 

NonIonic Surfactants 

Some nonionic surfactants that contain long chains of poly- 

oxyethylene are shown in Figure 2. 

having an ethylene diamine backbone, which is a block polymer containing 

chains of propylene oxide and ethylene oxide of various lengths. Another 

compound of this type containing chains of propylene oxide and ethylene 

oxide is shown in Figure 2b. 

base. 

ethylene oxide attached to a nonylphenoxy group. 

oxide. 29 

Figure 2a shows a surfactant 

This surfactant has a propylene glycol 

The formula shown in Figure 2c contains a single chain of 

It has no propylene 



Each of t h e  formulas  shown in Figure 2 represent  a different  
I 

series. 

other  primarily by t h e  length of t h e  ethylene oxide chain. 

o f  e thylene oxide on these  molecules range from 4 t o  over  300. 

The  individual sur fac tan ts  in each series differ from each 

The  moles 

T h e  nonionic compounds are polar and  have hydrophobic and 

In coal aqueous mixtures, t h e  hydrophobic end hydrophillic portions. 

o f  t h e  sur fac tan t  is  believed or iented toward t h e  coal  par t ic le  and 

t h e  hydrophillic end toward t h e  aqueous medium. In Figure 2a, the 

hydrophobic portion encompasses  t h e  ethylene diamine and propylene 

oxide par t  of t h e  molecule. 

is  the  propylene glycol portion together  with t h e  propylene oxide 

chain t h a t  comprises t h e  hydrophobic segment  of t h e  surfactant ,  and 

in  Figure 2c, t h e  nonyl hydrocarbon chain and benzene ring are t h e  

hydrophobic end of t h e  compound. 

e thylene oxide portion t h a t  is hydrophillic. 

those with t h e  highest molecular weight in t h e  ser ies  have t h e  longest 

polyoxyethylene chains. 

fur ther  they extend into t h e  solution. 

/ 

1 

For t h e  molecule shown in Figure 2b, it 

I ,  

For all these molecules, it is  the 

For each  of t h e  compounds, 

The  longer t h e  chain of ethylene oxide, the 

Experiments 

Experimental  work done with these  sur fac tan ts  in 

coal  aqueous slurry was revealing. 

t h a t  were  e f fec t ive  in producing a 70% solids slurry, with those that  

were not ,  showed t h a t  be tween t h e  primary difference between them 

was in t h e  ethylene oxide content .  The  sur fac tan ts  tha t  were found 

ef fec t ive  contained 100 or more  moles of e thylene oxide, while all 

A comparison of the  compounds 
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that were not, contained less. 

as influential because two of the compounds deemed not effective 

had higher molecular weights than the one that was. 

Molecular weight did not appear to be  

Slurry Properties 

Coal aqueous mixtures are designed to conform to two 

major catagories of properties: fuel and rheological. Fuel properties 

relate to the BTU content of the slurry, its level of ash, sulfur, and 

volatile matter, and sieve analysis. Rheological properties are concerned 

with the flow and handling characteristics of the slurry, and its stability 

to settling and shear. 

A viscosity profile of a coal aqueous slurry is shown in 

Figure 3. 

is well above 10,000 centipoise a t  low shear rates of 0.3 sec-l and 

below, and it is lower than 2000 CP a t  shear rates above 100 see-1. 

The high viscosity a t  low shear rates indicates that this slurry will 

resist settling when it is a t  rest. The lower viscosity a t  100  sec-1 

indicates that i t  will pump readily. 

estimated to be at  least 10,000 sec-l. 

that the viscosity of this slurry a t  that shear rate will be low, and that 

it will atomize well. 

This slurry exhibits desired rheological properties; its viscosity 

Shear rates during atomization are 

The curve in Figure 3 suggests 

Slurries that decrease in viscosity with increased shear 

stress are described as pseudoplastic, and the curve in Figure 3 shows a 

material with this property. 

shear rates, and the data showed that flow did not begin until a certain 

minimum shear stress was exceeded, then the slurry could be described 

as a Bingham plastic. The point a t  which flow starts in such a system 

If  this slurry was measured at  even lower 
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is called yield value, which is often manifested in materials with high 

concentrations of powder dispersed in liquids. 

Summary 

Coal aqueous mixtures can be prepared that have high 

coal content, are stable to settling, and can be pumped and atomized. 

The concentration of coal in a slurry depends upon the water requirement 

of the system. 

its size consist, and upon the additives in the formulation. 

importance is the type of surfactant used. 

tension of water and adsorb a t  the solidlsolution interface to hinder 

close particle approach, ionic surfactants do so primarily by electrostatic 

repulsion. 

This requirement is effected by the grade of coal used, 

Of particular 

Surfactants lower the surface 

Nonionic surfactants do so primarily by steric hindrance. 

Coal aqueous slurry can be made a t  a cost that is 

lower than that of No. 6 fuel oil by over $1.00 per million BTU. 

differential has provided the economic incentive to develop aqueous 

slurry as a replacement fuel. 

in work done by others in the  industry, indicate that the research in 

this field has succeeded in developing a new fuel. 

This 

The findings presented in this study, and 
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ASPECTS OF WETTING AND DISPERSION 
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CURRENT PROGRESS I N  
COAL-WATER SLURRY BURNER DEVELOPMENT 

INTRODUCTION 

There has been s i g n i f i c a n t  i n t e r e s t  i n  r e c e n t  yea rs  i n  development o f  domest ic f u e l s  
which cou ld  d i s p l a c e  those p r e s e n t l y  impor ted  by U.S. i n d u s t r y .  
q u a n t i t y  o f  f u e l  consumed by the  e l e c t r i c  power genera t i on  i n d u s t r y ,  much o f  t h i s  
i n t e r e s t  has been focused on f u e l s  t o  rep lace  o i l  and gas combusted i n  e x i s t i n g  u t i l i t y  
b o i l e r s .  Many o f  these e f f o r t s  have focused on t h e  use o f  coa l  as t h e  replacement fue l  
s ince  i t  i s  t h e  Un i ted  S t a t e s '  most abundant f o s s i l  f u e l .  

Because of t h e  l a r g e  

U n l i k e  o i l ,  coa l  cannot  be e a s i l y  n o r  i nexpens ive l y  r e f i n e d  i n t o  a c o n s i s t a n t  d e f i n a b l e  
fue l .  Every coa l  t y p e  i s  d i f f e r e n t  i n  combust ib le  p r o p e r t i e s  as w e l l  as m ine ra l  m a t t e r  
con ten t  and composi t ion.  
s i g n i f i c a n t l y  i n f l u e n c e  t h e  de te rm ina t ion  o f  a p a r t i c u l a r  c o a l ' s  success fu l  a p p l i c a t i o n  
as a replacement f u e l  i n  an e x i s t i n g  u t i l i t y  b o i l e r .  
depends on severa l  o t h e r  key economic f a c t o r s  as w e l l ;  b o i l e r  d e r a t i n g ,  d i f f e r e n t i a l  
fue l  savings between t h e  p r e s e n t l y  used f u e l  and the  cand ida te  a1 t e r n a t e  f u e l ,  and 
l a s t l y ,  t he  r e s u l t i n g  payback p e r i o d  over  which t h e  u t i l i t y  must amor t i ze  t h e  c o s t  o f  
c o n v e r t i n g  t o  the  new f u e l .  

F i  u r e  1 shows t h e  r e l a t i o n s h i p  o f  these economic parameters. I f  one cons ide rs  seven 
(77  yea rs  a reasonab le  payback pe r iod ,  F igu re  1 i l l u s t r a t e s  t h a t ,  w i t h  r e a l i s t i c  u n i t  
d e r a t i n g s  o f  up t o  25%, a d i f f e r e n t i a l  f u e l  c o s t  o f  between $1.00 and $2.00 p e r  m i l l i o n  
BTU's must be ach ieved t o  make convers ion  economic. T h i s  d e l i c a t e  economic ba lance i s  
t h e  ve ry  reason u t i l i t i e s  have Seen slow t o  accept  c o a l / o i l  s l u r r i e s  as a v i a b l e  
a l t e r n a t i v e  t o  o i l  a lone. 
t h e  nominal  coa l  p r i c e  a t  $2.00/1.1MBTU, and t h e  p r a c t i c a l  amount o f  coa l  t h a t  can be 
m ixed  w i t h  o i l  l i m i t e d  t o  about  50% on a mass bas i s ,  t h e  raw produc ts  a lone a r e  about 

i n  c o s t ,  many u t i l i t i e s  are u n w i l l i n g  t o  r i s k  convers ion  o f  o p e r a t i n g  u n i t s  t o  t h i s  new 
f u e l .  

Because o f  t he  marg ina l  economic i n c e n t i v e  o f  c o a l / o i l  s l u r r i e s ,  i n t e r e s t  has s h i f t e d  t o  
a r e l a t i v e l y  new p o t e n t i a l  convers ion  fue l - coa l /wa te r  s l u r r y  (CWS). Coa l /water  s l u r r i e s  
have t l i e  d i s t i n c t  advantage o f  r e q u i r i n g  no o i l  and t h e r e f o r e  the  p o t e n t i a l  d i f f e r e n t i a l  
i n  f u e l  cos t  over ope ra t i on  on o i l  a lone can be much g r e a t e r  t han  t h a t  w i t h  c o a l / o i l  
s l u r r i e s .  Coal /water s l u r r i e s  have severa l  p o s s i b l e  t e c h n i c a l  l i m i t a t i o n s ,  however, 
which must be r e c o n c i l e d  b e f o r e  they  can be cons idered as a v i a b l e  replacement f o r  o i l  
o r  gas i n  u t i l i t y  b o i l e r s .  

Un fo r tuna te l y ,  these a r e  two key parameters which 

Success fu l  a p p l i c a t i o n  a l s o  

Wi th  t h e  nominal  c o s t  o f  o i l  a t  approx imate ly  $6.00/FIMBTU and 
\ 

c $4.00/MMBTU w i t h o u t  any a l lowance f o r  s l u r r y  p repara t i on .  W i th  t h i s  narrow d i f f e r e n t i a l  

One o f  t h e  concerns wh ich  must be addressed i s  t h e  development o f  an a tomizer  t h a t  w i l l  
p r o p e r l y  atomize t h i s  new f u e l .  A problem t h a t  t h e  a tomize r  development eng ineer  faces  
i s  t h a t  most CWS f u e l s  under development today  have been des igned t o  maximize coa l  
con ten t  and f u e l  s t a b i l i t y  ( i . e . ,  m i n i m i z a t i o n  o f  s e t t l i n g ) .  
t r a n s p o r t a t i o n  s tandpo in t  t h i s  approach makes sense b u t  r e s u l t s  i n  a f u e l  which maybe 
v iscous ,  and t h e r e f o r e  d i f f i c u l t  t o  e f f e c t i v e l y  atomize. 
economica l l y  atomized i t  w i l l  n o t  be a v i a b l e  commercial f u e l .  There fore ,  t he  
successful  CWS f u e l s  w i l l  have t o  have bo th  acceptab le  s to rage  s t a b i l i t y  and r h e o l o g i c a l  
p r o p e r t i e s  t o  p e r m i t  good a tomiza t i on  w i t h  r e a l i s t i c  l e v e l s  o f  a tomiz ing  a s s i s t  f l u i d .  

Other  concerns, i n  a d d i t i o n  t o  r h e o l o g i c a l  f u e l  p r o p e r t i e s ,  a r e  f u e l  i g n i t i o n  and 
warm-up requirements,  burner  s t a b i l i t y  and turn-down, and carbon convers ion  and thermal 
e f f i c i e n c i e s .  Most CWS t e s t i n g  t o  da te  has been i n  smal l  l a b o r a t o r y  f a c i l i t i e s  o f  1 t o  
4 MMBTU/hr and, i n  genera l ,  r e s u l t s  have been poor,  compared t o  t h a t  wh ich  must be 
ach ieved i f  CWS fue ls  a re  t o  be accepted as a v i a b l e  replacement f u e l  by u t i l i t i e s .  
Tes t  furnaces have r e q u i r e d  ex tens i ve  preheat ,  burner  turn-down has been ex t remely  
l i m i t e d  and carbon convers ion  e f f i c i e n c i e s  have, a t  bes t ,  been i n  the  h i g h  80% t o  mid 
90% range(1,Z J). 

From an economics and 

I f  a s l u r r y  cannot be 
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I n  a d d i t i o n  t o  these p o t e n t i a l  problems w i t h  CWS combust ion,  F igu re  1 i n d i c a t e s  t h a t  
u n i t  d e r a t i n g  can p l a y  a s i g n i f i c a n t  r o l e  i n  d i c t a t i n g  the  success o f  a f u e l  conversion. 
Fo r  t h i s  reason coa ls  t o  be used f o r  CWS's must e i t h e r  be c a r e f u l l y  se lec ted  on the  
b a s i s  of t h e i r  o r i g i n a l  ash c h a r a c t e r i s t i c s  o r  t hey  must be b e n e f i c i a t e d  ( i . e . ,  cleaned 
of minera l  m a t t e r )  t o  min imize  fu rnace  s l a g g i n g / f o u l  i n g  and e ros ion  such t h a t  
s i g n i f i c a n t  b o i l e r  d e r a t i n g s  w i l l  n o t  be encountered. 

CWS BURNER DEVELOPMENT 

T h i s  paper i s  a p rogress  r e p o r t  on a j o i n t  program between Combustion Eng ineer ing  (C-E) 
and the  E l e c t r i c  Power Research I n s t i t u t e  (EPRI) t o  deve lop  and demonstrate a commercial 
s c a l e  CWS bu rne r  wh ich  meets reasonab le  commercial success c r i t e r i a .  As such, a burner 
i s  p r e s e n t l y  be ing  developed wh ich  meets t h e  f o l l o w i n g  c o n s t r a i n t s :  

1. Permi ts  i g n i t i o n  i n  a c o l d  fu rnace  w i t h  conven t iona l  i g n i t i o n  equipment. 

2. Operates s t a b l y  ove r  a 4 t o  1 turndown range w i t h o u t  supplemental  i g n i t i o n  f u e l .  

3. Employs f u e l  and a tomiz ing  media p ressures  t h a t  a re  o b t a i n a b l e  w i t h  commercial ly 
ava i  1 ab1 e equipment. 

4. Requires a tomiz ing  media t o  f u e l  mass f low r a t i o s  s i m i l a r  t o  those used f o r  o i l .  

5. Produces carbon convers ion  e f f i c i e n c i e s  comparable w i t h  o i l  ( i . e . ,  h i g h  90% range) 
a t  accep tab le  excess a i r  l e v e l s  ( i . e . ,  20-30%) and reasonab le  a i r  p reheat  
temperatures ( i . e . ,  250 t o  400°F) ove r  t h e  f u l l  l oad  range o f  t he  burner .  

To achieve these goa ls  C-E  i s  u s i n g  a p roven t h r e e  s tep  f i r i n g  system development 
approach. 

1. Development o f  a CWS a tomize r  u s i n g  C-E's A tomiza t i on  Tes t  F a c i l i t y .  

2. Development o f  an aerodynamica l l y  sound bu rne r  r e g i s t e r  us ing  C-E's Burner  Modeling 
Faci  1 i ty  . 

3. I n t e g r a t i o n  o f  t h e  developed a tomize r  and bu rne r  r e g i s t e r ,  and o p t i m i z a t i o n  o f  the  
CWS f i r i n g  sys tem's  combust ion performance a t  a commercial f i r i n g  sca le  o f  
80/MMBTU/hr i n  C-E's F u l l  Sca le  Burner  Tes t  F a c i l i t y .  

T h i s  paper does n o t  c o n t a i n  a l l  combust ion da ta  which was s t i l l  be ing  ana lyzed a t  the  
t i m e  t h i s  paper was prepared; t he  combust ion da ta  i s ,  t h e r e f o r e ,  p r e l i m i n a r y .  

FUEL PREPARATION AND CHARACTERIZATION 

The f u e l  r e q u i r e d  f o r  t h i s  development program was donated by Advanced Fue ls  Technology 
(AFT), a G u l f  and Western Company. The coa l  used was a C l e a r f i e l d  County, Pennsylvania 
b i tuminous ,  se lec ted  by E P R I .  
s l u r r y  p repara t i on ,  a t  EPRI's Coal C lean ing  Tes t  F a c i l i t y  i n  Homer City, Pennsylvania.  
A s i m p l i f i e d  f l o w  schematic o f  t he  c l e a n i n g  process used i s  shown i n  F igu re  2, and the  
a n a l y s i s  o f  t h e  c leaned coa l  i s  shown i n  Tab le  1. 

Coal t o  be c leaned by EPRI's t e s t  f a c i l i t y  i s , , i n i t i a l l y  crushed t o  a nominal  3/4" x 0 
s i z e  and then  processed th rough  a m u l t i s t a g e  des l im ing  screen".  The f i r s t  sc reen ing  
s tage removes ove rs i zed  m a t e r i a l  (+3 /4" )  f rom the  process steam. The second s tage 
removes c o a l  wh ich  i s  of  a 3/4" x 28 mesh s i z e .  T h i s  i s  t h e  main process steam. 
Separated m a t e r i a l  (+3/4" and -28 mesh) i s  c o l l e c t e d  i n  a re fuse  p i l e  f o r  f u t u r e  
independent t rea tment .  
"heavy media cyc lones"  fo l l owed  by  a " s ieve  bend & screen" t o  separa te  the  c lean  coal  
from the  re fuse  p o r t i o n .  
d i f f e r e n c e s  between t h e  coa l  (wh ich  i s  r e l a t i v e l y  l i g h t )  and the  h i g h  m ine ra l  ma t te r  

The r e q u i r e d  coa l  was cleaned, p r i o r  t o  t e s t i n g  and 

The main coa l  stream i s  then  processed th rough two s tages  o f  

The separa t i on  p r i n c i p l e  i s  based on t h e  mass d e n s i t y  
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f r a c t i o n s  (wh ich  a r e  r e l a t i v e l y  heavy).  
passed th rough a "basket  c e n t r i f u g e "  t o  be p a r t i a l l y  dewatered. 
i s  considered "c leaned".  I t  i s  metered by a weigh b e l t  and i s  passed t o  a s to rage  p i l e .  

The h i g h  ash re fuse  ob ta ined  f rom t h e  separa t i on  processes i s  c o l l e c t e d  i n  a re fuse  p i l e  
f o r  d i sposa l  and/or  f u t u r e  reprocess ing .  
and cleaned coa l  streams, and c o l l e c t e d  f o r  reuse. 
genera t i ng  a very l ow  ash coa l  f o r  t h i s  t e s t i n g  program, r e f u s e  m a t e r i a l  was n o t  
reprocessed and combined w i t h  t h e  i n i t i a l l y  c leaned main coa l  stream as would be the  
normal procedure. 

I n  a l l ,  approx imate ly  150 tons  o f  c leaned coa l  were prepared f o r  t h i s  program. 
Approximately 40 tons  o f  t h e  c leaned coa l  was reserved f o r  base coa l  t e s t i n g  t o  
e s t a b l i s h  a meaningful  re fe rence  base f o r  comparison t o  CWS combust ion performance. 
balance of  t he  coa l  (app rox ima te l y  110 tons )  was processed, by  AFT, i n t o  a nominal 70% 
SO1 i d s  CWS of predetermined s p e c i f i c a t i o n s .  
by C-E and AFT t o  assure  t h e  maximum p r o b a b i l i t y  f o r  combust ion success th rough c a r e f u l  
a t t e n t i o n  t o  overs ized p a r t i c l e s  and m i n i m i z a t i o n  o f  f u e l  v i s c o s i t y .  
s p e c i f i c a t i o n s  are  presented  i n  Tab le  2 w i t h  an a n a l y s i s  cjf t h e  produced CWS. 
schematic o f  AFT'S CWS prepara t i on  system i s  shown i n  F igu re  3. 

F igu re  4 shows a t y p i c a l  v i s c o s i t y  p r o f i l e  o f  t h e  CWS which was ob ta ined  us ing  a Haake 
Rotov isco  viscometer.  As can be seen i n  F i g u r e  4, t he  CWS e x h i b i t e d  Newtonian t o  
s l i g h t l y  pseudop las t ic  behav io r  ( i . e . ,  v i s c o s i t y  remains cons tan t  o r  decreases s l i g h t l y  
w i t h  i n c r e a s i n g  shear r a t e ) .  From an a tomiza t i on  s tandpo in t ,  p s e u d o p l a s t i c i t y  i s  
d e s i r a b l e  s ince  the  v i s c o s i t y  decreases a t  t h e  h i g h  shear r a t e s  encountered w i t h i n  the  
atomizer.  A Newtonian behav io r  i s  a l s o  acceptab le  s ince  t h e  v i s c o s i t y  remains cons tan t  
w i t h  i n c r e a s i n g  shear r a t e .  
inc reases  w i t h  i nc reas ing  shear  r a t e  and would l e a d  t o  poor a tomiza t i on .  

I t  i s  impor tan t  t o  no te  t h a t  i n  o rde r  f o r  CWS t o  a t t a i n  commercial acceptance, a b a l a v w  
must be achieved between t h e  h i g h  s t a t i c  v i s c o s i t y  r e q u i r e d  f o r  t r a n s p o r t  and s to rage 
s t a b i l i t y  and the  r h e o l o g i c a l  p r o p e r t i e s  r e q u i r e d  f o r  a t o m i z a t i o n  and combustion. Also,  
r i g i d  c o n t r o l  o f  p a r t i c l e  t o p  s i z e  and s t r i n g e n t  q u a l i t y  c o n t r o l  by  t h e  s l u r r y  
manufacturers i s  necessary t o  i n s u r e  a c o n s i s t a n t  supp ly  o f  usab le  CWS. 

FUEL SHIPPING, STORAGE AN0 HANDLING 

A f t e r  pass ing  th rough  these s teps  t h e  coa l  i s  
A t  t h i s  p o i n t  t he  coa l  ', 

Process f l u i d s  a re  separa ted  f rom t h e  r e f u s e  
', Fo r  t h e  s p e c i a l  purpose o f  

The 

These s p e c i f i c a t i o n s  were developed j o i n t l y  

The developed f u e l  
A 

O i l a t e n t  behav io r  i s  n o t  accep tab le  s i n c e  t h e  v i s c o s i t y  

\ 

\ The CWS prepared by  AFT was shipped t o  C-E's K r e i s i n g e r  Development Labora to ry  (KDL) a t  
Windsor, Connect icu t  i n  convent iona l  p r e s s u r i z a b l e  tanke r  t r u c k s .  A l though t h e  tanke rs  
used had vo lumet r i c  c a p a c i t i e s  o f  approx imate ly  6500 g a l l o n s ,  f i v e  tanke rs  were needed 
t o  t r a n s p o r t  t h e  r e q u i r e d  21,000 g a l l o n s  o f  s l u r r y  because each was l i m i t e d  t o  a 
capac i t y  o f  o n l y  about 4,200 g a l l o n s  due t o  t h e  l e g a l  over - the- road we igh t  l i m i t  o f  
45,000 l b s .  
r e s p e c t i v e l y .  

C-E's A l t e r n a t e  Fuels Hand l ing  F a c i l i t y  (AFHF) i s  shown schemat i ca l l y  i n  F igu re  5. 
f a c i l i t y  i s  comprised o f  a 15,000 g a l l o n  s to rage  tank ,  a 2500 g a l l o n  day tank, an 
homogenizer and severa l  pumps, f i l t e r s  and heaters  con f igu red  t o  hand le  s l u r r y - t y p e  
f u e l s .  F igu re  6 shows the  arrangement o f  those components o f  t h e  AFHF s p e c i f i c a l l y  
u t i l i z e d  f o r  t h e  CWS t e s t i n g  program. 

P re l im ina ry  t e s t i n g  i n d i c a t e d  t h a t  t h e  tanke r  t r u c k s  c o u l d  be e f f e c t i v e l y  unloaded two 
ways. A 
T u t h i l l  model 120A pump was used and p e r m i t t e d  un load ing  t o  t h e  AFHF 15,000 g a l l o n  
s to rage tank  a t  a r a t e  of  12-15 gpm. The second procedure,  wh ich  was used f o r  t he  
balance o f  t he  r e q u i r e d  un load ing ,  was t o  by-pass t h e  pump and un load t h e  f u e l  by 
p r e s s u r i z i n g  t h e  tanke r  t o  30 p s i g .  
average r a t e  o f  50-70 gpm, o r  1-14 hours  p e r  4,200 g a l l o n  t a n k e r  load.  

Photographs 1 and 2 show a tanke r  t r u c k  a r r i v i n g  a t  C-E and be ing  unloaded, 

T h i s  

One manner was by  pumping the  CWS f r om t h e  tanke r  i n  an unpressur ized  s ta te .  

A t  t h i s  p ressure ,  t h e  tanke rs  were unloaded a t  an 
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As was p r e v i o u s l y  ment ioned, a t o t a l  o f  f i v e  tanke r  t r u c k  l oads  o f  CWS were rece ived  f o r  
t h e  t e s t  program. 
s p e c i f i c a t i o n  ( s e e  Tab le  2 )  and appeared t o  m a i n t a i n  s to rage s t a b i l i t y  and s l u r r y  
u n i f o r m i t y  over a p e r i o d  o f  seve ra l  weeks w i t h  o n l y  occas iona l  r e c i r c u l a t i o n  us ing  the  
T u t h i l l  pump. 
a tomizer  development phase wh ich  w i l l  be d iscussed l a t e r .  

These were some o f f -spec .  changes i n  t h e  t h i r d  t a n k e r  shipment o f  f u e l  which a f f e c t e d  
r h e o l o g i c a l  p r o p e r t i e s  o f  p r e v i o u s l y  sh ipped f u e l  as w e l l  as the  f o u r t h  tanke r  l o a d  o f  
CWS f u e l .  
c i r c u l a t i o n  a t  C-E p e r m i t t e d  t e s t i n g  t o  cont inue.  The l a s t  t anke r  o f  f u e l  was 
s i g n i f i c a n t l y  h i g h e r  i n  v i s c o s i t y  t h a n  t h e  p rev ious  f u e l  batches; t h i s  r e q u i r e d  h igher  
f u e l  supply pressures t o  ach ieve  t h e  same mass f l o w  r a t e s  as the  p rev ious  f u e l  
s h i pment s . 

The i n i t i a l  two t a n k e r s  rece ived  con ta ined  CWS o f  p roper  

A p o r t i o n  o f  t h e  f u e l  f rom these i n i t i a l  two tankers  was used f o r  t he  

On-s i te  ad jus tments  by  G&W personnel  combined w i t h  inc reased f u e l  

CWS ATOMIZER DEVELOPMENT 

The development o f  an a tomize r  f o r  CWS was e s s e n t i a l  t o  the  developmental success o f  the  
C-E/EPRI  CWS burner .  The purpose o f  t h e  a tomize r  i s  t o  f ragment t h e  CWS f u e l  stream 
i n t o  r e a d i l y  combust ib le  d r o p l e t s .  
d r o p l e t s  i s  a f u n c t i o n  o f  bo th  t h e  a t o m i z e r ' s  des ign  and t h e  b u r n e r ' s  near -s t ream 
aerodynamics, and d i r e c t l y  a f f e c t s  b u r n e r  performance i n  terms o f  f lame leng th ,  
s t a b i l i t y  and carbon burnout .  

I n  the  course  o f  development, c a r e f u l  c o n s i d e r a t i o n  was g i ven  t o  bo th  t h e  CWS a tomizer 's  
gener ic  des ign  as w e l l  as i t s  s p e c i f i c  geomet r ic  dimensions. O f  gener i c  a tomize r  
designs reviewed by C-E, t h e  " Y "  j e t  c o n f i g u r a t i o n  (F igu re  7 )  appeared t o  have t h e  
g rea tes t  p o t e n t i a l  f o r  success w i t h  CWS. Two p r o p e r t i e s  o f  CWS were i d e n t i f i e d  as 
p o t e n t i a l l y  p rob lemat i c  t o  e f f e c t i v e  a tomiza t i on .  
h i g h  v i s c o s i t y  ( F i g u r e  4) .  
(superheated steam o r  compressed a i r )  t o  i n i t i a t e  f u e l  s t ream breakup th rough h i g h  shear 
t u r b u l e n t  m i x i n g  o f  t h e  a tomiz ing  media and f u e l  streams. Th is  " Y "  j e t  a tom iza t i on  
p r i n c i p l e  has been shown(4) t o  be e f f e c t i v e  f o r  t h e  a tomiza t i on  o f  v iscous  f u e l s  and 
thus  would be p o t e n t i a l l y  success fu l  w i t h  CNS. 
des ign ' s  s imp le  geometry,wi th no t o r t u o u s  paths,  i t  perm i t s  f a b r i c a t i o n  w i t h  e ros ion  
r e s i s t a n t  m a t e r i a l s  ( F i g u r e  8) .  

Combustion Eng ineer ing  has e x t e n s i v e  exper ience i n  " Y "  j e t  a tomizer  des ign  and has 
developed a computer des ign  code and a f u l l  sca le  A tomiza t i on  Tes t  F a c i l i t y  (ATF) t o  
a s s i s t  i n  " Y "  j e t  a tom ize r  des ign  development.  These were u t i l i z e d  i n  a t h r e e  s tep  
approach which r e s u l t e d  i n  t h e  success fu l  development o f  a CWS atomizer .  
we r e  : 

1. Theore t i ca l  i d e n t i f i c a t i o n  o f  c r i t i c a l  a tom ize r  geomet r ic  dimensions based on f u e l  

2. 

The s i ze ,  v e l o c i t y  and t r a j e c t o r y  o f  these f u e l  

These were i t s  e r o s i v e  n a t u r e  and 
"Y" j e t  t y p e  a tomizers  u t i l i z e  p ressu r i zed  a tomiz ing  media 

Secondly,  because o f  t h e  a tomize r  

These s teps  

p r o p e r t i e s  and a tomiz ing  media cons ide ra t i ons .  

P re l im ina ry  ATF t e s t i n g  and per fo rmance o p t i m i z a t i o n  o f  t he  t h e o r e t i c a l  a tomizer  
design. 

D e t a i l e d  ATF performance c h a r a c t e r i z a t i o n  o f  an optimum atomizer  des ign  ove r  a 
m a t r i x  o f  ope ra t i on .  

3 .  

ATOMIZER TEST FACILITY 

C-E's A tomizer  Tes t  F a c i l i t y  (ATF) i s  designed t o  q u a n t i t a t i v e l y  c h a r a c t e r i z e  t h e  
a tomiza t i on  q u a l i t y  of f u l l  sca le  (10 gpm) bu rne r  a tomizers .  
con f i gu red  t o  o b t a i n  d r o p l e t  s i z e  d i s t r i b u t i o n  and d r o p l e t  b a l l i s t i c s  ( v e l o c i t y  and 
t r a j e c t o r y )  i n f o r m a t i o n  f rom f u e l  sprays .  

The f a c i l i t y  opera tes  i n  a c o l d  f l o w  (non-combust ion) mode and has p r o v i s i o n s  f o r  
s tudy ing  b o t h  convent iona l  l i q u i d  and s l u r r y  f u e l s .  

The f a c i l i t y  i s  un ique ly  

P rov i s ions  f o r  s l u r r y  f u e l s  i nc lude  
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a 700 g a l l o n  t r a n s p o r t a b l e  f u e l  tank  f o r  s t o r i n g  and h e a t i n g  f u e l s  p r i o r  t o  ATF t e s t i n g .  
The tank  i s  equipped w i t h  a m ixe r  and r e c i r c u l a t i o n  system t o  m in im ize  p o t e n t i a l  s l u r r y  
s o l  i d s  s t r a t i f i c a t i o n .  

A schematic o f  t he  A tomiza t i on  Tes t  F a c i l i t y  i s  shown i n  F i g u r e  9. The ac tua l  f a c i l i t y  

Tes t  a tomizers  a re  c e n t r a l l y  l o c a t e d  i n  t h e  spray  chamber and spray  v e r t i c a l l y  down, 
thus  m in im iz ing  t h e  e f f e c t  o f  g r a v i t y  i n  a tomiza t i on  d r o p l e t  b a l l i s t i c s  measurements. 
Also,  a cons tan t  v e l o c i t y  p r o f i l e  (10 f t / s e c )  a i r f l o w  passes by  t h e  a tomize r  d u r i n g  
t e s t i n g  t o  p revent  p o t e n t i a l  d r o p l e t  r e c i r c u l a t i o n  which would o the rw ise  b i a s  d r o p l e t  
t r a j e c t o r y  i n fo rma t ion .  
t he  atomized sprays. 
as  shown. 
demisted and exhausted f rom t h e  f a c i l i t y .  
o r  d i sposa l .  

7 

\ i s  presented i n  Photo 3. 

Large  windows i n  t h e  spray  chamber p e r m i t  o p t i c a l  access across  
O p t i c a l  spray  d i a g n o s t i c  equipment i s  l o c a t e d  on t h e  two benches 

Once da ta  i s  ob ta ined  f rom t h e  spray,  t h e  f u e l  d r o p l e t - l a d e n  a i r  f l o w  i s  
The c o l l e c t e d  f u e l  i s  t hen  removed f o r  reuse 

OPTICAL DIAGNOSTIC TECHNIQUES 

TWO op t i ca l l y -based  techn iques  a re  u t i l i z e d  by C-E i n  t h e  ATF t o  q u a n t i f y  spray  q u a l i t y .  
A l a s e r  d i f f r a c t i o n  techn ique i s  used t o  de termine t h e  spray  d r o p l e t  s i z e  d i s t r i b u t i o n  
and a h i g h  speed double spark photograph ic  techn ique i s  u t i l i z e d  t o  d e f i n e  d r o p l e t  
v e l o c i t y  and t r a j e c t o r y .  

The l a s e r  d i f f r a c t i o n  techn ique i s  based on t h e  Fraunhofer  d i f f r a c t i o n  o f  a p a r a l l e l  
beam o f  mono-chromatic l i g h t  b y  moving o f  s t a t i o n a r y  d r o p l e t s  o r  p a r t i c l e s ( 5 ) .  A 
F o u r i e r  Transform l e n s  y i e l d s  a s t a t i o n a r y  l i g h t  p a t t e r n  f rom t h e  l i g h t  d i f f r a c t e d  by 
the  p a r t i c l e s .  A mu l t i - e lemen t  p h o t o - e l e c t r i c  d e t e c t o r  l o c a t e d  a t  t h e  f o c a l  p lane  o f  
t he  F o u r i e r  Transform l e n s  produces an e l e c t r i c a l  s i g n a l  analogous t o  t h e  d i f f r a c t e d  
l i g h t .  
Rosin-Rammler model wh ich  con t inuous ly  mod i f i es  the  mean d iamete r  and exponent 
parameters u n t i l  a b e s t  f i t  i s  ob ta ined (5 ) .  
percentage number d e n s i t y  a r e  then c a l c u l a t e d  f rom t h e  bes t  f i t  model. 

F igu re  10 shows a schematic o f  t he  l a s e r  d i f f r a c t i o n  apparatus.  The l a s e r  i s  t he  
monochromatic l i g h t  t ransmiss ion  source and t h e  d i f f r a c t e d  1 i g h t  i s  rece ived  and 
analyzed by a F o u r i e r  Trans form lens ,  a p h o t o e l e c t r i c  d e t e c t o r ,  and a mini-computer.  
Note, t h e  o p t i c a l  probe inc luded  i n  t h e  schematic i s  used t o  a l l e v i a t e  measurement 
e r r o r s  i n  dense f u e l  sprays.  

The o p t i c a l  arrangement f o r  t h e  h i g h  speed double spark pho tog raph ic  techn ique i s  
dep ic ted  schemat i ca l l y  i n  F i g u r e  11. 
s i d e  o f  t he  f a c i l i t y .  
f l a s h  o f  l i g h t .  
l e n s  system and i n t o  a camera l e n s  l o c a t e d  on t h e  oppos i te  s i d e  o f  t h e  f a c i l i t y .  
camera l e n s  i s  focused on a s p e c i f i e d  p lane  w i t h i n  the  spray  f i e l d  ( o b j e c t  p lane ) .  
S i l h o u e t t e  images o f  t h e  d r o p l e t s  l o c a t e d  i n  t h e  camera's o b j e c t  p lane  and f i e l d  o f  v iew 
a re  recorded on f i l m .  

The two f l ashes  produce a doub le  exposure s i l h o u e t t e  photograph o f  t h e  d r o p l e t s .  
Accura te  d r o p l e t  v e l o c i t y  i n f o r m a t i o n  i s  t hen  ob ta ined  by measur ing t h e  d i s t a n c e  
t r a v e l e d  by an i n d i v i d u a l  d r o p l e t  between exposures w i t h  knowledge o f  t h e  t i m e  i n t e r v a l  
between f l ashes .  
o f  t r a v e l  f o r  i n d i v i d u a l  d r o p l e t s .  

A mini-computer compares t h i s  s i p a l  w i t h  t h e  d e r i v e d  s i g n a l  based on a 

Percentage we igh t  f r a c t i o n  and normal ized  

Two spark-gap l i g h t  sources  a re  l o c a t e d  on one 

These f l a s h e s  o f  l i g h t  a r e  d i r e c t e d  th rough t h e  a tomize r  spray  by a 
Each source produces one in tense ,  s h o r t  d u r a t i o n  (1  microsecond) 

The 

S i m i l a r l y ,  d r o p l e t  t r a j e c t o r y  i s  de termined by  obse rv ing  t h e  d i r e c t i o n  

INIT IAL CWS ATOMIZER D E S I G N  

The CWS atomizer  was designed i n  p a r t  by  t h e  a p p l i c a t i o n  o f  a computer code p r e v i o u s l y  
developed by C-E t o  p r e d i c t  "Y" j e t  a tom ize r  a t o m i z a t i o n  q u a l i t y  ( i n  terms of spray  
d r o p l e t  mass median d iameter )  w i t h  heavy f u e l  o i l s .  
a tom ize r  performance as a f u n c t i o n  o f  c r i t i c a l  f u e l  p r o p e r t i e s  and a tomiz ing  media 

T h i s  program code es t ima tes  
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c o n s t r a i n t s .  These inc lude ,  f u e l  v i s c o s i t y ,  a tom iz ing  media d e n s i t y ,  and a tomiz ing  
media t o  f u e l  mass f l o w .  C-E  u t i l i z e d  t h i s  code t o  p r e d i c t  CWS a tomiza t i on  q u a l i t y .  
The p r e d i c t i o n s ,  i n  c o n j u n c t i o n  w i t h  p ressu re  d rop  c a l c u l a t i o n s ,  f l u i d  momentum 
cons ide ra t i ons ,  and geomet r ic  c o r r e l a t i o n s  ob ta ined  i n  p rev ious  a tomize r  development 
e f fo r t s ,  r e s u l t e d  i n  t h e  i d e n t i f i c a t i o n  o f  s p e c i f i c  a tomize r  dimensions; these a re  shown 
i n  F igu re  7. The t a r g e t  CWS a t o m i z a t i o n  q u a l i t y  was t h a t  wh ich  i s  t y p i c a l  f o r  f i r i n g  
r e s i d u a l  f u e l  o i l  u s i n g  a " Y "  j e t  a tomizer .  Based on p rev ious  t e s t s  conducted i n  the  
ATF(6), a spray  mass median d iameter  o f  120 mic rons  o r  l e s s  i s  c h a r a c t e r i s t i c  o f  
e f f e c t i v e  r e s i d u a l  o i l  a tom iza t i on .  Note, t h a t  t h i s  d r o p l e t  d iameter  i s  s i g n i f i c a n t l y  
l a r g e r  than t h a t  o f  t h e  i n d i v i d u a l  coa l  p a r t i c l e s  o f  c o n v e n t i o n a l l y  ground coa l  f o r  P.C. 
f i r i n g .  

T h i s  phase o f  CWS a tomize r  des ign  a c t u a l l y  y i e l d e d  two d i s t i n c t l y  d i f f e r e n t  " Y "  j e t  
a tomizer  geomet r ies  w i t h  s i m i l a r  performance, g i v e n  i d e n t i c a l  f u e l  and a tomiz ing  media 
cond i t i ons .  

PRELIMINARY ATF TESTING 

P r e l i m i n a r y  ATF t e s t i n g  i n v o l v e d  a compara t ive  performance e v a l u a t i o n  o f  t h e  two " Y "  j e t  
a tomizer  geomet r ies  i d e n t i f i e d  d u r i n g  i n i t i a l  CWS a tomize r  development. The l a s e r  
d i f f r a c t i o n  system was u t i l i z e d  f o r  t h i s  e f f o r t .  Each a tomize r  nozz le  des ign  was tes ted  
a t  loo%, 50%, and 25% o f  maximum f i r i n g  r a t e  ove r  a w ide  range o f  a tomiz ing  media t o  
f u e l  mass f l o w  r a t i o s  (.06 < A/F < 1.1). Compressed a i r  was used as the  a tomiz ing  
media. Fo r  these t e s t s ,  CWT and F t o m i z a t i o n  a i r  were main ta ined a t  ambient temperature.  
Data ob ta ined  f rom these compara t ive  t e s t s  i s  p resented  in F igu res  12, 13, and 14. 

A t  100% l o a d ,  nozz le  des ign  5A produced f i n e r  sprays  than  nozz le  58 a t  A/F r a t i o s  
g r e a t e r  t han  0.17. 
however, because i t  i s  a p a r a s i t i c  energy l o s s ,  and thus  n e g a t i v e l y  impacts b o i l e r  
economics. Nozzle des ign  5B c o n s i s t a n t l y  produced a f i n e r  spray  than  des ign  5A a t  mc? 
favo rab le  A / F  r a t i o s  o f  0.17 and below. 

A t  bo th  50% and 25% load, n o z z l e  des ign  58 produced e q u i v a l e n t  o r  f i n e r  CWS sprays  than 
nozz le  des ign  5A a t  g i ven  A/F r a t i o  s e t t i n g s .  
was chosen f o r  f u r t h e r  d e t a i l e d  a t o m i z a t i o n  q u a l i t y  o p t i m i z a t i o n  and c h a r a c t e r i z a t i o n .  

Opera t ion  w i t h  such h i g h  a tomiz ing  media consumption i s  undes i rab le ,  

Based on these t e s t s ,  nozz le  des ign  5B 

DETAILED CWS ATOMIZER TESTING 

D e t a i l e d  pa ramet r i c  t e s t i n g  o f  t h e  optimum a tomize r  (des ign  58) p rov ided  i n s i g h t  i n t o  
t h e  key o p e r a t i n g  parameters wh ich  i n f l u e n c e  a tomize r  performance. 
i nc luded  : f 

Parameters s tud ied  

Atomiz ing  media t o  f u e l  mass f l o w  r a t i o  
Fuel mass f l o w  r a t e  
Fuel tempera ture  
Atomiz ing  media tempera ture  

Atomiz ing  Media t o  Fuel  (A /F)  Mass Flow R a t i o  

The r a t i o  o f  a tomiz ing  media t o  f u e l  mass f l o w  was found t o  have a s i g n i f i c a n t  e f f e c t  on 
t h e  performance o f  t h e  CWS a tomize r .  
i n d i c a t e s  t h a t  above an A/F r a t i o  o f  0.17, t h e  spray  mass median d iameter  remains 
cons tan t .  
0.17 and 0.06, and r a p i d l y  degraded below an A/F r a t i o  o f  0.06. S i m i l a r  t rends  were 
no ted  a t  50% and 25% load. 

The spray d r o p l e t  s i z e  d i s t r i b u t i o n  ob ta ined  on CWS a t  f u l l  l o a d  was s i m i l a r  t o  t h a t  
ob ta ined  th rough  p rev ious  t e s t i n g  o f  " Y "  j e t  a tomizers  sp ray ing  f u e l  o i l .  The optimum 
range of A/F r a t i o s  f o r  t h e  CWS a tomize r  appeared t o  be between .08 and .14, which a re  
a l s o  t y p i c a l  o f  those r e q u i r e d  f o r  f u e l  o i l  a tom iza t i on .  

Data d e p i c t e d  i n  F i g u r e  15, t aken  a t  100% load,  

A g radua l  deg rada t ion  i n  a tomize r  performance occu r red  between A/F r a t i o s  of 
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Ef fec t  of  S l u r r y  Temperature 

The e f fec t  o f  CWS temperature on a tomiza t i on  q u a l i t y  i s  p resented  i n  F i g u r e  16. 
A tomiz ing  a i r  temperature was h e l d  cons tan t  a t  95°F d u r i n g  these t e s t s .  CWS was t e s t e d  
a t  95°F (ambient temperature) and a t  150°F over  a range o f  a tomiz ing  media t o  f u e l  mass 
f l o w  r a t i o s .  

The da ta  i n d i c a t e s  t h a t  a s l i g h t  decrease i n  spray  mass median d iameter  (MMD) o f  
approx imate ly  10% occur red  when the  p a r t i c u l a r  CWS t e s t e d  was preheated  p r i o r  t o  
a tomiza t ion .  
v i s c o s i t y  a t  e leva ted  temperature.  

The s l i g h t  decrease i n  MMD d i d  n o t  appear t o  p r o v i d e  s u f f i c i e n t  j u s t i f i c a t i o n  f o r  
p rehea t ing  the  f u e l  i n  t h e  combust ion phase o f  t he  t e s t i n g .  

The r e d u c t i o n  i n  MMD c o u l d  p o s s i b l y  be a t t r i b u t e d  t o  a r e d u c t i o n  i n  f u e l  

I 
E f f e c t  o f  A tomiz ing  A i r  Temperature 

The e f f e c t  o f  a tomiz ing  a i r  temperature on a tomiza t i on  q u a l i t y  i s  p resented  i n  F igu re  
17. 

The da ta  i n d i c a t e s  t h a t  a r e d u c t i o n  i n  MMD, o f  approx imate ly  lo%, can occur  by 
p rehea t ing  the  a tomiz ing  a i r .  Again,  however, t h i s  r e d u c t i o n  would n o t  appear t o  be 
s i g n i f i c a n t  enough t o  war ran t  p rehea t ing  t h e  a tomiz ing  a i r .  

E f f e c t  o f  S l u r r y  and A i r  Temperature 

The combined e f f e c t  o f  bo th  e leva ted  CWS and a i r  tempera ture  on a tomiza t i on  q u a l i t y  i s  
shown i n  F igu re  18. 
produced a f i n e r  spray  y e t  than e i t h e r  f l u i d  heated i n d i v i d u a l l y .  

T h i s  i n f o r m a t i o n  would be u s e f u l  shou ld  a p a r t i c u l a r  bu rne r /a tomize r  combina t ion  prove 
t o  per fo rm m a r g i n a l l y  on a s p e c i f i c  CWS. 
d r o p l e t  s i z e  d i s t r i b u t i o n  down t o  w i t h i n  a range capable o f  improv ing  combust ion 
performance. 
inc reased c a p i t a l  equipment cos ts  and energy cos ts  i n c u r r e d  when p rehea t ing  these 
f l u i d s .  

O v e r a l l ,  t he  performance o f  t h e  developed CWS a tomizer ,  w i t h  ambient CWS and a i r  
temperature,  was q u i t e  s i m i l a r  t o  convent iona l  C-E  " Y "  j e t  a tom ize r  performance and f u e l  
o i l .  For  t h i s  reason, f o r  t h e  combust ion e v a l u a t i o n  o f  CWS, f u e l  was supp l i ed  a t  
ambient temperature and a tomiza t i on  a i r  was n o t  heated beyond t h e  compressor 's nominal 
d e l i v e r y  temperature o f  160°F. 

D r o p l e t  B a l l i s t i c s  

D r o p l e t  v e l o c i t y  and t r a j e c t o r y  i n f o r m a t i o n ,  ob ta ined  th rough t h e  use o f  t h e  h i g h  speed 
double spark photograph ic  techn ique,  i n d i c a t e d  t h a t  CWS d r o p l e t  v e l o c i t i e s  were s i m i l a r  
t o  those ob ta ined f o r  convent iona l  f u e l  o i l s .  V e l o c i t i e s  ranged between 2 and 24 
meters/second, a t  an a x i a l  downstream d i s t a n c e  f rom t h e  a tomize r  o f  140 nozz le  
diameters.  
expanding j e t .  

CWS temperature was h e l d  cons tan t  a t  95°F d u r i n g  t h i s  s e r i e s  o f  t e s t s .  

I t  was concluded f rom ATF t e s t i n g  t h a t  h e a t i n g  bo th  s l u r r y  and a i r  

Preheat ing  bo th  f u e l  and a i r  may s h i f t  t he  

The improvement i n  performance would have t o  be eva lua ted  aga ins t  t h e  

D r o p l e t  t r a j e c t o r i e s  tended t o  f o l l o w  p r e d i c t a b l e  stream1 ines  o f  a f r e e l y  

D r o p l e t  v e l o c i t y  i s  a s t rong  dependent f u n c t i o n  o f  d r o p l e t  d iameter  f o r  bo th  o i l  and 
cws. 
S ince  t h e  v e l o c i t i e s  ob ta ined  f o r  bo th  o i l  and CWS were s i m i l a r ,  no d r o p l e t  b a l l i s t i c s  
r e l a t e d  changes i n  bu rne r  aerodynamic des ign  appeared necessary.  
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BURNER REGISTER DEVELOPMENT - COLD FLOW MODELING 

A f u l l - s c a l e  model o f  t h e  proposed bu rne r  r e g i s t e r  was f a b r i c a t e d  and f l o w  model t es ted  
under i so the rma l  c o n d i t i o n s .  
r e g i s t e r  des ign  e x h i b i t e d  s a t i s f a c t o r y  aerodynamic c h a r a c t e r i s t i c s  ove r  t h e  f u l l  range 
o f  a i r  f l o w s  expected t o  be used d u r i n g  combust ion opera t i on .  An impor tan t  and 
necessary aerodynamic c h a r a c t e r i s t i c  f o r  good f l ame s t a b i l i t y  i s  t h e  ex i s tence  o f  a 
s t rong  w e l l  developed r e c i r c u l a t i o n  zone a t  t h e  bu rne r  t h r o a t .  I n  t h e  C-E CWS burner,  
t h e  r e c i r c u l a t i o n  zone i s  e s t a b l i s h e d  th rough combust ion a i r  s w i r l  and a d i ve rgen t  
burner  t h r o a t .  These a r e  w e l l  known methods o f  i nduc ing  a r e c i r c u l a t i n g  f l o w  and have 
been used commerc ia l l y  f o r  some t ime(8 ,9) .  

Flow v i s u a l i z a t i o n  techn iques  were employed by C-E and conf i rmed t h e  CWS r e g i s t e r  
des ign ' s  s a t i s f a c t o r y  aerodynamics over a range o f  s imu la ted  opera t i on .  F igu re  19 
shows, schemat i ca l l y ,  t he  model used and t h e  observed r e c i r c u l a t i o n  zone boundary. 

The purpose o f  t h i s  work was t o  c o n f i r m  t h a t  t he  

BURNER DESCRIPTION 

The C-E coa l -wa te r  s l u r r y  bu rne r  i s  a s w i r l  s t a b i l i z e d  u n i t  con f i gu red  f o r  t a n g e n t i a l  
f i r i n g  and i s  shown s c h e m a t i c a l l y  i n  F i g u r e  20. 
w a l l  f i r i n g  w i t h  s u i t a b l e  m o d i f i c a t i o n s .  The p r i n c i p l e  elements o f  t h e  bu rne r  system 
are :  a r e f r a c t o r y - l i n e d  d i v e r g e n t  t h r o a t ,  a combust ion a i r  s w i r l e r  th rough which a 
p o r t i o n  o f  t h e  combust ion a i r  i s  passed, a u x i l i a r y  a i r  nozz les ,  above and below the  
burner ,  th rough wh ich  t h e  ba lance of  t he  combust ion a i r  i s  duc ted  (unsw i r l ed ) ,  and a 
s l u r r y  gun w i t h  an a tomizer .  

The purpose o f  t he  r e f r a c t o r y - l i n e d  d i v e r g e n t  t h r o a t  i s  t o  i nc rease  t h e  mass 
r e c i r c u l a t i o n  r a t i o  and t h e r e f o r e  t o  s t a b i l i z e  t h e  f l ame b o t h  aerodynamica l l y  and 
the rma l l y .  
combust ion e f f i c i e n c y .  The a t o m i z e r ' s  p r o d u c t i o n  o f  r e l a t i v e l y  f i n e  CWS d r o p l e t s  
combined w i t h  t h e  o v e r a l l  b u r n e r  aerodynamics has y i e l d e d  acceptab le  s t a b i l i t y ,  over a 
t o  1 load  turndown range. 
demonstrated w i t h  t h i s  bu r t i e r /a tomize r  combina t ion .  P r e l i m i n a r y  da ta  documenting t h i s  
performance w i l l  be covered i n  t h e  f o l l o w i n g  sec t i on .  

COMBUSTION TESTING 

The combustion performance o f  t h e  CWS burner  was op t im ized  and e x t e n s i v e l y  eva lua ted  a t  
a commercial l o a d  wh ich  ranged f rom 20 t o  80 MMBTU/hr. These t e s t s  were conducted i n  
C-E's F u l l  Sca le  Burner  F a c i l i t y  (FSBF).  
p a r a m e t r i c a l l y  i n v e s t i g a t e d  on bo th  CWS and pa ren t  coa l  so t h a t  a mean ing fu l  combustion 
e v a l u a t i o n  o f  CWS c o u l d  be made v i a  comparison t o  a known re fe rence  f u e l .  
c o n d i t i o n  ma t r i ces  f o r  each f u e l  (shown i n  Tab les  3 and 4 )  were designed t o  p a r a l l e l  one 
another  so t h a t  d i r e c t  t e s t - b y - t e s t  comparisons c o u l d  be made. 
f i r i n g  r a t e ,  excess a i r  l e v e l ,  combust ion a i r  p reheat  temperatures,  and a l so ,  f o r  CWS, 
a tom iza t i on  a i r / f u e l  mass r a t i o .  
cond i t i ons ,  o f  numerous independent parameters.  
NO , SO , and 0 ) ,  hea t  f l u x  p r o f i l e ,  c a l c u l a t e d  combust ion e f f i c i e n c y ,  f lame q u a l i t y ,  
f u g l  flgwrate/t~mperature/pressure, combust ion a i r  fl owrates/temperatures/pressures, 
a tomiza t i on  media flowrate/temperature/pressure, and a t  se lec ted  t e s t  p o i n t s  i n -s tack  
f l y -ash  sampl ing,  which i n c l u d e d  dus t  load ing ,  carbon con ten t ,  p a r t i c l e  s i z e  d i s t r i -  
b u t i o n  and i n - s i t u  r e s i s t i v i t y .  

P r i o r  t o  conduct ing  these d e t a i l e d  combust ion t e s t s ,  p r e m a t r i x  and shakedown t e s t s  were 
performed t o  q u a l i t a t i v e l y  d e f i n e  b u r n e r  performance and t o  e s t a b l i s h  t h e  probab le  
ranges o f  o p e r a b i l i t y .  
combust ion a i r f l o w  d i s t r i b u t i o n  adjustments.  
was then i n i t i a t e d  once these p r e l i m i n a r y  t e s t s  i n d i c a t e d  acceptab le  bu rne r  performance 
on cws. 

The bas i c  bu rne r  des ign  i s  adaptable t o  

The s w i r l e d  combust ion a i r  s t a b i l i z e s  t h e  f lame and c o n t r i b u t e s  t o  h igh  

Acceptab le  combust ion e f f i c i e n c i e s  have a l s o  been 

The b u r n e r ' s  combust ion performance was 

Tes t  

Tes t  v a r i a b l e s  were; 

Data  were ob ta ined,  depending on s p e c i f i c  t e s t  
These were gaseous emiss ions  (CO, C02, 

D u r i n g  these t e s t s  bu rne r  performance was op t im ized  th rough 
D e t a i l e d  pa ramet r i c  performance t e s t i n g  
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As s t a t e d  p rev ious l y ,  t h i s  paper i s  a p rogress  r e p o r t  on C-E's CWS b u r n e r  development 
program w i t h  E P R I .  

cons idered p re l im ina ry .  

As of t h e  da te  o f  w r i t i n g  (November 1982) combust ion t e s t i n g  i s  
; complete, b u t  d e t a i l e d  da ta  a n a l y s i s  i s  s t i l l  i n  p rogress .  The data p resented  must be 

( CWS Combustion T e s t i n q  

Observed CWS f lame s t a b i l i t y  and appearance ;as accep tab le  ove r  the  range o f  bu rne r  
ope ra t i on  tes ted .  
burner .  
severa l  i tems war ran t  ment ion.  
p r e v i o u s l y  discussed, f u e l  q u a l i t y  v a r i e d  apprec iab l y  f rom t e s t  t o  t e s t .  
v a r i e d  f rom 67.1 t o  70.0%. 
t o  t h i s ,  a l though da ta  p resented  he re  was w e l l  w i t h i n  measurement con f idence  l i m i t s .  

Secondly, t he  CWS was i g n i t e d  s a t i s f a c t o r i l y  i n  a co ld ,  unheated t e s t  f u rnace  u s i n g  the  
f a c i l i t y ' s  s tandard  5 MMBTU/hr n a t u r a l  gas s i d e  p i l o t  i g n i t o r .  
unusual  requ i rement  i d e n t i f i e d  f o r  i g n i t i o n .  
( w i t h  wa te r )  t he  a tomizer  and s l u r r y  gun p r i o r  t o  CWS i n t r o d u c t i o n  t o  p reven t  t h e  
a b s o r p t i o n  o f  a smal l  b u t  apparen t l y  c r i t i c a l  amount o f  t h e  s l u r r y ' s  wa te r  component. 
T h i s  was accompl ished by i n c l u s i o n  o f  a wa te r  supp ly  l i n e  t o  t h e  f u e l  p i p i n g  a t  t h e  
s l u r r y  gun. 
nozz le  pluggage d u r i n g  i g n i t i o n .  

The i g n i t i o n  procedure was as f o l l o w s .  F i r s t ,  a 5 MMBTU/hr n a t u r a l  gas s i d e  p i l o t  
i g n i t o r  was turned-on. Second, a smal l  amount o f  wa te r  was passed th rough  t h e  s l u r r y  
gun and atomizer.  
compressed a tomiza t i on  a i r  were turned-on, r e s u l t i n g  i n  s a t i s f a c t o r y  CWS i g n i t i o n .  
s i d e  p i l o t  was no rma l l y  s h u t - o f f  a f t e r  about f i f t e e n  minu tes  o f  ope ra t i on .  
bu rne r  f i r i n g  r a t e  f o r  l i g h t - o f f  was 25 MMBTU/hr and combust ion a i r  p rehea t  o f  250°F was 
u t i l i z e d .  
a n d  unpreheated s t a t e .  
r e f r a c t o r y  b lanke t  t o  s imu la te  normal f u rnace  heat  l osses  and hence a c t u a l  f u rnace  
o u t l e t  temperature,  t h e  fu rnace  w a l l  tempera ture  may have r i s e n  a t  a somewhat h i g h e r  
r a t e  than would be seen i n  an ac tua l  c lean  c o l d  b o i l e r .  
i s  r e q u i r e d  t o  be on f o r  a f i e l d  a p p l i c a t i o n  may be somewhat l onger  than  t h e  p e r i o d  
d iscussed here.  

L a s t l y ,  a l l  t e s t s  were conducted w i t h  t h e  70" spray  angle,  t ungs ten  ca rb ide  sleeved, 
"Y " - j e t  a tomizer  desc r ibed  under  a tomize r  development. 
100,000 l b s  o f  s l u r r y  th roughput  were logged on t h i s  a tomizer .  
d iameters  were p r e c i s i o n  measured b e f o r e  and a f t e r  t e s t i n g  and i n d i c a t e d  no measurable 
wear i n  t h e  c r i t i c a l  zones p r o t e c t e d  by  t h e  tungs ten  c a r b i d e  sleeve. By comparison a 
carbon s t e e l  a tomizer  was used f o r  p remat r i x  t e s t i n g ,  and w h i l e  no mean ing fu l  e r o s i o n  
r a t e  da ta  cou ld  be ob ta ined  because o f  t h e  i n t e r m i t t e n t  and v a r i a b l e  ope ra t i on ,  s i g n i f i -  
c a n t l y  g r e a t e r  wear was no ted  i n  t h i s  a tomize r  ove r  a much s h o r t e r  p e r i o d  ( i . e .  4 hours 
and 25,000 l b s .  o f  s l u r r y ) .  

I n  genera l  t h e  f lame was a t tached"  o r  n e a r l y  "a t tached"  t o  t h e  
NO major  bu rne r  o p e r a b i l i t y  problems were no ted  d u r i n g  t e s t i n g ,  a l t hough  

Because o f  t h e  CWS s to rage  tank  s e t t l i n g  problems 

Some degree o f  combust ion da ta  s c a t t e r  may be a t t r i b u t a b l e  
S o l i d s  con ten t  

There was o n l y  one 
T h i s  was t h e  n e c e s s i t y  o f  "p rewe t t i ng "  

I 

F a i l u r e  t o  f o l l o w  t h i s  procedure s i g n i f i c a n t l y  inc reased t h e  p o t e n t i a l  f o r  

Next, t he  water  was t u r n e d - o f f  and s imu l taneous ly  t h e  CWS and 
The 

Nominal 

Note, i g n i t i o n  was c o n s i s t e n t l y  ach ieved i n  t h e  t e s t  f u rnace  w h i l e  i n  a c o l d  
However, because t h e  fu rnace  was l i n e d  w i t h  a t h i n  l a y e r  o f  

Thus t h e  t i m e  t h a t  t h e  i g n i t o r  

Approx imate ly  20 hours  and 
The a tomize r  p o r t  

Parent  Coal Combustion Tes ts  

7 parent  coa l  combust ion t e s t s  were conducted t o  p r o v i d e  b a s e l i n e  da ta  t o  which t h e  CWS 
combust ion da ta  c o u l d  be compared. 
t o  a nominal  s i z e  d i s t r i b u t i o n  o f  70%-200 mesh wh ich  i s  s tandard  f o r  use as a b o i l e r  
f ue l  f i r i n g  p u l v e r i z e d  coa l .  

Parent  coa l  f u e l  i n j e c t i o n  modeled t h a t  o f  CWS so,, that  mean ing fu l  f u e l  performance 
comparisons cou ld  be made. Coal was supp l i ed  i n  dense phase" th rough a 1" ID f u e l  
admiss ion  p o r t  t o  t h e  cen te r  of a 70" d i f f u s e r  cone. I n  t h i s  way t h e  pa ren t  coa l  was 
"sprayed" i n t o  the  fu rnace  a t  t h e  same 70" ang le  as t h a t  o f  atomized CWS. 
same combust ion a i r  r e g i s t e r  was used f o r  b o t h  t h e  p a r e n t  coa l  and CWS t e s t s .  

The pa ren t  coa l  was ground, f o r  combust ion t e s t i n g ,  

Note t h a t  t h e  
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Coal was supp l i ed  i n  dense phase w i t h  a C-E developed coa l  pumping, s to rage and supply 

t r a n s p o r t  a i r  t o  f u e l  mass f l o w  r a t i o s  i n  t h e  range o f  9 t o  26. The parent  coa l  was 
pneumat i ca l l y  conveyed f rom a 30 t o n  s to rage s i l o  th rough an l a "  ID  hose t o  t h e  FSBF 
f i r i n g  f r o n t .  

Q u a l i t a t i v e l y ,  t h e  combust ion performance o f  t h e  p a r e n t  coa l  was e x c e l l e n t .  
f lame s t a b i l i t y  and appearance was s i m i l a r ,  b u t  s l i g h t l y  b e t t e r  t han  t h a t  no ted  
p r e v i o u s l y  f o r  CWS o v e r  t h e  sa;e range o f  ope ra t i on .  
b r i g h t  f lame which was always 

Parent coa l  was r e a d i l y  i g n i t a b l e  i n  a co ld ,  unpreheated t e s t  fu rnace us ing  the  
f a c i l i t y ' s  5 MMBTU/hr n a t u r a l  gas s i d e  p i l o t  i g n i t o r .  Once t h e  pa ren t  coa l  was i g n i t e d  
i n  a c o l d  fu rnace,  t h e  s i d e  p i l o t  c o u l d  be t u r n e d - o f f  between one and f i v e  minu tes  w i t h  
ma in ta ined f lame q u a l i t y  and bu rne r  s t a b i l i t y .  F o r  CWS i g n i t i o n ,  15 t o  20 minu tes  were 
r e q u i r e d  be fo re  t h e  s i d e  p i l o t  c o u l d  be t u r n e d - o f f .  
t h a t  a s i m i l a r  t ype  o f  dense-phase coa l  burner  c o u l d  be dependably i g n i t e d  w i t h  an 
e l e c t r i c  a r c  d ischarge w i t h i n  30 seconds w i t h  no supplementary i g n i t i o n  o r  s t a b i l i z a t i o n  

A d i scuss ion  o f  t h e  compara t ive  combust ion performances o f  CWS and pa ren t  coa l  f o l l ows .  

I I 
I 
1 

s ys tem( l0 ) .  Th i s  system p e r m i t t e d  dense phase pu lve r i zed ,  pa ren t  c o a l ,  t r a n s p o r t  w i t h  

j Pressure  drop  across  t h e  t r a n s p o r t  l i n e  v a r i e d  f rom 6 t o  26 ps ig .  

Observed 

The pa ren t  coa l  burned w i t h  a 
a t tached"  t o  t h e  burner .  

C-E has p r e v i o u s l y  demonstrated 

source, such as t h e  s i d e  p i l o t .  1 

Combustion Performance Comparison o f  CWS t o  Parent  Coal 

To r e i t e r a t e ,  bo th  CWS and pa ren t  c o a l  burned w i t h  b r i g h t ,  s tab le ,  "a t tached"  o r  n e a r l y  
"a t tached"  f lames ove r  t h e  bu rne r  l o a d  range tes ted .  
l o a d  was increased,  from 20 t o  80 MMBTU/hr, t he  a x i a l  f l ame  leng th  inc reased,  b u t  
s t a b i l i t y  and a t tachment  t o  t h e  b u r n e r  were main ta ined.  

F i g u r e  21  compares t h e  carbon convers ion  e f f i c i e n c y  o f  p a r e n t  coal  and CWS, as a 
f u n c t i o n  o f  excess a i r  l e v e l  a t  f u l l  l o a d  (80 MMBTU/hr). 
load, pa ren t  coa l  combusted w i t h  99 t% carbon convers ion  e f f i c i e n c i e s ,  and t h e  CWS 
combusted w i t h  e f f i c i e n c i e s  about  1% l e s s .  

Whi le  the  t rends  i n d i c a t e d  i n  t h i s  f i g u r e  a r e  t y p i c a l  o f  t hose  encountered a t  t h e  o t h e r  
l oads  tes ted ,  p r e l i m i n a r y  da ta  a n a l y s i s  i n d i c a t e s  d i f f e r e n c e s  i n  carbon convers ion  
e f f i c i e n c y  o f  as much as 4% between p a r e n t  coa l  and CWS e x i s t e d  a t  some t e s t  c o n d i t i o n s .  
Fo r  most t e s t  c o n d i t i o n s ,  however, carbon convers ion  e f f i c i e n c i e s  f o r  CWS were 
d im in i shed  no more than  1 t o  2 pe rcen t  below t h a t  o f  t h e  pa ren t  coa l .  

A comparison o f  carbon convers ion  e f f i c i e n c y  as a f u n c t i o n  o f  bu rne r  l oad ,  between CWS 
and pa ren t  coa l ,  a t  a cons tan t  30% excess a i r  l e v e l  i s  shown i n  F igu re  22. T h i s  f i g u r e  
r e i t e r a t e s  the  e f f i c i e n c i e s  no ted  i n  F i g u r e  21. Parent  coa l  was combusted w i t h  99+% 
carbon convers ion  e f f i c i e n c y  and aga in  t h e  CWS burned w i t h  approx imate ly  1% lower  
e f f i c i e n c y  over  t h e  l o a d  range presented .  
convers ion  e f f i c i e n c y  d i d  n o t  s i g n i f i c a n t l y  va ry  as a f u n c t i o n  o f  l o a d  (40  t o  80 
MMBTU/hr) a t  30 pe rcen t  excess a i r .  

F i g u r e  23 i l l u s t r a t e s  t h e  impor tance o f  good CWS a tomiza t i on  w i t h  regard  t o  carbon 
convers ion  e f f i c i e n c y .  
mass r a t i o  (A/F) was v a r i e d  about  an optimum va lue  o f  0 .11  ( i d e n t i f i e d  d u r i n g  c o l d  f l o w  
a t o m i z a t i o n  development). 
conve rs ion  e f f i c i e n c y  drops  o f f  r a p i d l y ,  w h i l e  o p e r a t i o n  a t  h ighe r  A/F r a t i o s  y i e l d s  no 
apparent  e f f i c i e n c y  change. 
r e s u l t s  (F igu re  15)  which i n d i c a t e d  r a p i d  i nc rease  i n  mean atomized d r o p l e t  s i z e  
( d i m i n i s h e d  a tomiza t i on  q u a l i t y )  as A/F decreases f rom optimum and no improvement i n  
a t o m i z a t i o n  q u a l i t y  as A/F i nc reased  f rom optimum. 

The r e s i s t i v i t y  va lues  o f  t h e  CWS and p a r e n t  coa l  f l y  ashes, measured i n - s i t u ,  a r e  g i ven  
i n  Tab le  5. 
e l e c t r o s t a t i c  p r e c i p i t a t i o n .  What i s  i m p o r t a n t  t o  no te  f rom Table 5 da ta  i s  t h e  l a c k  o f  

I t  was observed t h a t  as bu rne r  

It can be seen t h a t ,  a t  t h i s  

I' 

Note a l s o  t h a t  f o r  each f u e l ,  carbon 

A l l  o t h e r  c o n d i t i o n s  remain ing  t h e  same, a tomize r  a i r  t o  f u e l  

F i g u r e  23 i n d i c a t e s  t h a t  below t h i s  optimum va lue  carbon 

T h i s  phenomena i s  i n  agreement w i t h  c o l d  f l o w  a tomiza t i on  

These measurements i n d i c a t e  t h e  f l y  ashes apparent  c o l l e c t a b i l i t y  by 
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s i g n i f i c a n t  d i f f e r e n c e  between the  CWS and t h e  p a r e n t  coa l  f l y  ashes. 
t h a t ,  a t  l e a s t  f o r  t h i s  s p e c i f i c  case, t he  s l u r r y i n g  process had no s i g n i f i c a n t  e f f e c t  
upon f l y  ash r e s i s t i v i t y  ( i .e . ,  c o l l e c t a b i l i t y ) .  
a f u n c t i o n  o f  p a r t i c l e  s i ze .  
been analyzed, however, and a re  necessary b e f o r e  any f i n a l  s ta tements  can be made w i t h  
regard  t o  the  compar i t i ve  c o l l e c t a b i l i t i e s  o f  t he  CWS and pa ren t  c o a l  f l y  ashes. 

I n  conc lus ion ,  a l t hough  the  da ta  ob ta ined  i n d i c a t e s  s a t i s f a c t o r y  carbon convers ion  
e f f i c i e n c i e s  f o r  CWS, o t h e r  f a c t o r s  i n f l u e n c i n g  o v e r a l l  p l a n t  e f f i c i e n c y  must be 
cons idered i n  d i c t a t i n g  t h e  v i a b i l i t y  o f  convers ion  t o  CWS. 
energy p e n a l i t y  i s  i n c u r r e d  due t o  t h e  water  component i n  t h e  CWS. For  the  CWS t e s t e d  
(30% water by we igh t )  a l a t e n t  l o s s  o f  2.44 pe rcen t  thermal e f f i c i e n c y  would r e s u l t  w i t h  
s tack  gas e x i t  temperatures o f  212°F; h i g h e r  s tack  gas e x i t  tempera tures ,  r e q u i r e d  above 
s u l f u r - r e l a t e d  dewpoints,  would r e s u l t  i n  p r o p o r t i o n a l l y  h i g h e r  l a t e n t  thermal losses .  
Furthermore, based on C-E's exper ience i n  h a n d l i n g  f u e l s  on a l a r g e  l a b o r a t o r y  sca le ,  
coa l /water  s l u r r i e s  a re  l e s s  e f f i c i e n t  than o i l  f r om a p a r a s i t i c  power consumption 
s tandpo in t  f o r  s to rage,  t r a n s p o r t  and a tomiza t i on  (see Tab le  6) .  
o the rs  must be eva lua ted  i n  de te rm in ing  the  a p p l i c a b i l i t y  o f  a g i v e n  CWS convers ion .  

Th is  i m p l i e s  

F l y  ash c o l l e c t a b i l i t y  by ESP i s  a l s o  
Fly ash p a r t i c l e  s i z e  d i s t r i b u t i o n  r e s u l t s  have n o t  y e t  

1 
I' 

For  i ns tance ,  a l a t e n t  i 

These f a c t o r s  and 

SUMMARY 

A burner /a tomizer  combina t ion  has been developed by Combustion Eng ineer ing  which w i l l  
burn  CWS w i t h  s a t i s f a c t o r y  combust ion e f f i c i e n c y  ove r  a wide l o a d  range. Th is  f i r i n g  

1) Atomizer development and o p t i m i z a t i o n  us ing  an advanced C-E developed computer 
program and s t a t e - o f - t h e - a r t  spray  measurement techn iques ,  2 )  Co ld  f l o w  burner  mode l ing  
t o  op t im ize  t h e  bu rne r  r e g i s t e r ' s  aerodynamic f l o w  f i e l d ,  and 3 )  F u l l  sca le  combust ion 
m a t r i x  t e s t i n g  f i r i n g  coa l  wa te r  s l u r r y  and i t s  pa ren t  coa l  t o  c h a r a c t e r i z e  combustor 
performance and ga the r  emissions data.  

The p r e l i m i n a r y  r e s u l t s  o f  t h i s  p r o j e c t  show t h a t  t h e  developed a tomize r  e f f e c t i v e l y  
atomizes h i g h  v i s c o s i t y  CWS (up  t o  2800 CPS). 
a tomiz ing  media consumption r a t e s  were s i m i l a r  t o  those measured f o r  heavy f u e l  o i l .  
Spray d r o p l e t  s i z e  d i s t r i b u t o r s  were e q u i v a l e n t  t o  those o f  a p u l v e r i z e d  coa l  g r i n d  
( w i t h  30% i n h e r e n t  mo is tu re )  rang ing  between 115 and 150 mesh. 
s t i l l  s i g n i f i c a n t l y  l a r g e r  than  t h e  i n d i v i d u a l  coa l  p a r t i c l e s  i n  t h e  s l u r r y .  

Atomizer geometry was found t o  s i g n i f i c a n t l y  i n f l u e n c e  a t o m i z a t i o n  q u a l i t y .  
p rehea t ing  CWS p r i o r  t o  a tomiza t i on  ( t o  reduce v i s c o s i t y )  d i d  n o t  have a g r e a t  i n f l u e n c e  
and y i e l d e d  l i t t l e  improvement. 
l i m i t e d  value. 
a tomiz ing  a i r  temperature,  t h e  e l i m i n a t i o n  of  a i r  compressor i n t e r c o o l e r s  would b e n e f i t  
a tom iza t i on  a t  no a d d i t i o n a l  cos t .  
a i r  p r i o r  t o  a tomiza t i on  was found t o  be g r e a t e r  t han  e i t h e r  i n f l u e n c e  alone, however 
t h e  improvement i n  a tomiza t i on  q u a l i t y  d i d  n o t  seen s i g n i f i c a n t  enough t o  meret t h e  
a d d i t i o n a l  energy p e n a l i t y .  Fo r  combust ion t e s t i n g ,  CWS was n o t  heated and a tomize r  a i r  
was n o t  heated beyond t h e  compressor 's d e l i v e r y  temperature.  

The p r e l i m i n a r y  combust ion t e s t i n g  r e s u l t s  i n d i c a t e  t h a t ,  w i t h  t h e  proper  combina t ion  of 
burner  and a tomize r  des ign ,  coa l -water  s l u r r y  can be s u c c e s s f u l l y  burned w i t h  carbon 
convers ion  e f f i c i e n c i e s  i n  t h e  range o f  96 t o  99+%. T h i s  compares w i t h  a c o n s i s t a n t  
99+% carbon convers ion  e f f i c i e n c y  f o r  t h e  base coa l  f i r e d  under s i m i l a r  cond i t i ons .  
A d d i t i o n a l  improvements i n  CWS combust ion e f f i c i e n c y  may be p o s s i b l e  th rough f u r t h e r  
f i r i n g  system development and re f inement .  

Th i s  p r o j e c t  has a l s o  s u c c e s s f u l l y  demonstrated t h a t  coa l -wa te r  s l u r r y  cou ld  be r e l i a b l y  
i g n i t e d  i n  a c o l d  furnace u s i n g  convent iona l  i g n i t o r s  and low  a i r  p rehea t  temperatures 
(250'F). 

A l though p r e l i m i n a r y  r e s u l t s  have demonstrated s a t i s f a c t o r y  CWS combust ion performance 
on a l a r g e  l a b o r a t o r y  sca le ,  t h e r e  a r e  severa l  o t h e r  b o i l e r - r e l a t e d  areas  which must be 

\ system was developed us ing  a t h r e e  s tep  approach t o  t h e  problem. These s teps  inc luded:  

Measured a t o m i z a t i o n  q u a l i t i e s  and 

Measured d r o p l e t s  were 

However, 

Preheat ing  t h e  a tomiz ing  a i r  a l s o  proved t o  be o f  
However, because a tomiza t i on  d i d  improve s l i g h t l y  w i t h  inc reased 

The combined e f f e c t s  o f  p rehea t ing  bo th  s l u r r y  and 
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addressed b e f o r e  CWS can become c o m e r c i a l l y  v i a b l e .  
b o i l e r  d e r a t i n g ,  as w e l l  as, d i f f e r e n t i a l  f u e l  c o s t s  and convers ion  cosfs must balance ou t  f a v o r a b l y  when compared t o  c o n t i n u i n g  o p e r a t i o n  on heavy o i l .  D e t a l l e d  d iscuss ion  
o f  these f a c t o r s  i s  beyond t h e  scope of t h i s  paper, b u t  w i l l  d i c t a t e  t h e  u l t i m a t e  
v i a b i l i t y  o f  CWS as a b o i l e r  f u e l .  

Furnace s lagg ing ,  f o u l i n g  and 
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Table 1 

Analysis of Parent Coal After Cleanin 
a t  EPRI's Homer City Coal Cleaning Test Fa!ility 

"AS RECEIVED" "MOISTURE FREE" 

PROXIMATE ANALYSIS, X 

Moisture 
V o l a t i l e  Matter 
Fixed Carbon 
Ash 

ULTIMATE ANALYSIS. X 

Moisture 
Carbon 
Hydrogen 
Nitrogen 
Sul fur  
Ash 
Oxygen (d i f f . )  

GROSS HEATING VALUE 

BTU/lb 

6.4 
37.6 
53.1 
2.9 

6.4 
74.5 

5.4 
1.5 

.9 
2.9 
0.4 

13,790 

Table 2 

40.1 
56.8 
3.1 

-- 
79.6 
5.8 
1.6 
.9 

3.1 
9.0 

14,730 

Coal-Uater Slurry Properties 
CE/AFT CUS Specification 

P a r t i c l e  Size 100% minus 100 Mesh 

v iscos i ty  l e s s  than 2800 Centipoise a t  113 sec-' and 
25OC (Haake Method) Newtonian o r  Pseudo P las t ic  
Behavior 

Greater than 30% by weight (dry) V o l a t i l e  Matter 

AFT Coal-Water Slurry Analysis 

Total Molsture, X 
Solids Content, X 

Proxlmate Analysis, X 

Moisture 
Vo la t i le  Matter 
Fixed Carbon 
Ash 

Ultimate Analysls, X 

Moisture 
Hydrogen 
Carbon 
Sul fur  
Nitrogen 
Oxygen ( d i f f . )  
Ash 

Gross Heatlng Value 

BTU/1 b 

31.0 
69.0 

"AS RECEIVED'' 

31.0 
27.1 
40.1 

1.8 

31.0 
3.8 

56.1 
.6 

1.1 
5.6 
1.8 

10,170 

"MOISTURE FREE" 

39.3 
58.1 
2.6 

5.5 
81.3 

.9 
1.6 
8.1 
2.6 

14.740 

I 

50 



4 

\ 

t 

, 
Photo 1 

TANK TRUCK ARRIVING AT ALTERNATE FUELS HANDLING 
FACILITY WITH A LOAD OF COAL-WATER-SLURRY 

\ 

Photo 2 
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Figure 3 SIMPLIFIED PROCESS D I A G R A M  
FOR BENEFICIATIONlFUEL BLENDING 

WEIOOBELT DEVELOPED BY AFT 1-1 ,+loo YEEM (AGULFLWESTERNW.) 
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Figure 4 
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Figure 5 

ALTERNATE FUELS HANDLING AND FIRING SYSTEM SCHEMATIC 
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Figure 7 

C R I T I C A L  D I M E N S I O N S  "Y' JET ATOMIZER DESIGN 
CRO S S -SECTIONAL VIEW 
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Figure 13 
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Figure 19 

C-EIEPRI CWS BURNER - COLD FLOW MODEL 
INDICATED FLAME PAl lERN FROM 
AERODYNAMICS OBSERVATIONS 

OB SERVED RECIRCULATION 
ZONE BOUNDARY 

Figure 20 

C-E COAL-WATER-SLURRY BURNER SCHEMATIC 
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I, 
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Figure 21 

a EXCESS AIR LNU AT m I u9 BTUIHR 

COMPARISONff CARBONCOWERSION mlClENCY ff 
P A E N l  COAL vs COAL-WATER-SLURW AS A IUm'ClION 

1 PRELIMINARY DATA I 

Figure 22 
COMPARISON OF CARBON CONVERSION EFFICIENCY OF 
PAREN1 COAL VI COAL-WATER-SWRRY AS A FUNCTION 

Of FIRING R A E  AT 3OS EXCESS AIR 
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Figure 23 
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FOR COAL-WAliR-SWRRY 

1 
o.im 0 . m  o.110 0.115 o.im 0 . i ~  o.uo 0.u~ 0.140 

AmMlZlNC MOM RAl lO ,  LB AlRllB FUEL 

60 



Table 5 

FLY ASH RESISTIVITY MEASUREMENTS 

, FUEL - 

CUS 

CUS 

CUS 

Parent Coal 

Parent Coal 

Parent Coal 

Parent Coal 

LOA0 
( 106etu/hr) 

40 

60 

60 

40 

60 

60 

80 

EXCESS A I R  

30% 

30% 

30% 

30% 

30% 

30% 

30% 

COKiUSTION A I R  TEMPERATURE 

(OF) 

250 

250 

400 

250 

250 

400 

250 

FLY ASH RESIST IV ITY 
(OM-CM) 

1.8 x 108 

2 .1  x 108 

2.9 x 108 

2.0 x 108 

2.4 x 108 

3.1 x 10' 

3.0 x 10' 

Table 6 

FUEL SYSTEM POWER CONSUMPTION 

One Elevation 800 MMBTWHR Heat Input 
(BASED ON LARGE SCALE LABORATORY TESTING) 

Oil Coal-Oil Coal-Water 
(MMBTWHR) (MMBTWHR) ( M M B N / H R )  , 

STORAGE NONE 0.13 0.02 

TRANSPORT/FEED 1.71 2.24 2.24 

BURNER/ATOMIZER 4.40 5.00 4.60 

TOTAL 6.11 7.37 6.86 

- - - 
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SMALL ( 5  MILLION BTU/HR) AND LARGE ( 3 0 0  MILLION BTU/HR) TIllGZMAL TEST RIGS 
FOR COAL AND COAL SLUIIIIRY nuRNm DEVEMPMENT 

J W Allen - BSc, PhD, CEng, M Inst E 
P R Beal - BSc 
P F Hufton - BSc, CDng, MI Mech E 

NE1 International Combustion Ltd 
Sinfin J.ane 

Derby 
DE2 9G.J 
England 

1. INTRODUCTION 

Thermal test rigs have been used by NE1 International Combustion over the 
past 25 years for the evaluation and development of burner systems for both 
industrial and utility boilers. Initially, the rigs were little more than 
open hrick containers which have evolved to the water-cooled gas-tight 
chamber currently in use to enable the development of low excess air combus- 
tion systems as demanded by mtrket forces and the need for more effective 
fuel utilisation. A msjor step forward in thermal test rig facilities 
occurred in 1973 with the construction of what is probably the largest and 
most comprehensively instrumented burner test rig in the Western Hemisphere. 
The rig design had to meet all of the known oil burner performance require- 
ments at that time, and also be sufficiently flexible to meet the predicted 
requirements of the succeeding 10 - 12 years. This rig is still in operation 
today and is currently undergoing the next major step change in conversion to 
enable pulveriscd fuel, coal slurries and gas burner systems, sized up to 
300 million BTIJ/Hr, to be developed. 

A complementary small scale thermal test rig facility, rated at around 5 
million HTU/hr was also provided in 1975 to allow fundamental combustion 
studies and the development of new ideas in burner design and operation to 
take place at a more economical level in comparison with the operation of 
the large test rig. 

Both these mnjor step changes in the large scale thermal test rig capabili- 
ties have been dictated by market forces. Initially the need was to develop 
low excess air oil burners utilising the almost continuously deteriorating 
quality fuel oils supplied to the utility boiler industry. The current need 
is to meet the renewed interest in coal utilisation now that it is realised 
that fuel oil supplies are not infinite and consequently will be subject to 
continual increases in price with little or no guarantee as to quality and 
availability. 

Although it is not universal practice to test hurner systems for large boilers 
prior to site installation, the availability o f  a full-scale thermal test rig 
enables the development of a tailor-made burner system to suit a particular 
installation. Customers can see a proposed burner system in operation and 
any changes required, because of alterations in operating procedures or vari- 
ations in fuel properties, can be accommodated. These investigations,into 
altered conditions,can be made quickly and economically compared with on site 
investigations and without interruption to the customers operating schedule. 
Markets for new fuels, such as coal slurries, can be pursued without relying 
on potential customers to provide full-scale test facilities. 
until the firing of coal-water and coal-oil slurries becomes universally 
accepted, there should be an increasing demand for off-site demonstrations 
of the capabilities of these new burner systems. Thc operation of a full- 
scale thermal test rig is therefore an essential piece of equipment for any 
burner manufacturer to achieve and maintain a leading position in the supply 
of combustion systems to the International utility boi ler  market. 

In fact, 
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2. The Large ( 3 0 0  million BTU/Hr) Thermal Test Rig at Derby 

2.1 General Description of the Rig and its Capabilities 

The original design of the large thermal test rig at Derby was ambitious, 
as it had to meet the requirement of NE1 International Combustion to 
maintain its leadership in oil burner performance in the Western Hemis- 
phere. A major requirement was that of sheer size. The combustion 
chamber dimensions had to be such that complete combustion could be 
obtained,upstream of gas sampling positions, with burner systems(firing 
up to 9 tonnes/hr of fuel oil) designed to produce long narrow flames 
typical of burners designed for tangential firing applications and those 
designed to produce more compact large diameter flames typical of front 
wall firing applications. These considerations resulted in a combustion 
chamber of internal dimensions 2l.J’t m (70 ft) long by 5.49 (18 ft) 
square cross section. Cooling of the combustion chamber is achieved by 
means of static water sandwiched between inner and outer steel skins on 
the side walls and end wall of the chamber remote from the burner. The 
centre section of the burner wall is built entirely of refractory to 
enable easy changing of burner configurations, the roof is also entirely 
water-cooled and the hearth covered with a layer of refractory pebbles 
on a bed of sand. 

Oil storage is provided by two lagged and steam heated storage tanks, 
each of 45460 litres (10,000 gallons) capacity. Oil is transferred from 
the tanks, via a low pressure transfer pump,to a primary pumping and 
heating circuit capable of delivering oil at a pressure of 44.8 bar 
(650 lbs/in’) at up to 13640 kg/hr (30,000 lbs) and a viscosity of 70 
Redwood No 1 seconds (16 cS, 80 SSU). A second pumping and heating 
circuit was installed,at a later date, enabling an oil delivery pressure 
up to 83 
to be achieved. This secondary pumping heating system was used partic- 
ularly in a study of the combustion of fuel oils containing a high 
percentage (up to 14%) of hard asphaltenes. 

Combustion air is supplied to the burner windbox by a four-stage axial 
flow fan capable of supplying 37.77 d/sec (80,000 ft’/m) of combustion 
air at a maximum pressure of44.8 mbar (18 ins water gauge). 
levels from the fan are controlled by axial flow silencers immediately 
upstream and downstream of the fans and air flow rate is indicated by a 
venturi meter. Coarse air flow control is via the number of fan stages 
brought into operation and fine control is achieved by a remotely con- 
trolled butterfly damper. 

All the flows to the rig are controlled from an operating console sit- 
uated at the end of the combustion chamber remote from the burner. From 
this position the rig operator can observe an end view of the flame 
through a glass porthole. A comprehensive gas analysis system is also 
housed adjacent to the control console. 

During the operation of a burner test, gases are sampled from the 2.74 m 
(9 ft) diameter 18-29 m(60 ft) high refractory lined stack, at a point 
some 10.67 m ( 3 5  ft) above ground level located in the stack. At this 
same point a platform has been erected to enable the isokinetic sampling 
of the flue gases for determination of the solids burden. The gas anal- 
ysis instrumentation provides a continuous record of @ ,  CO, and 
NOx in the flue gases throughout a test. 
facility for determining the Bacharach smoke number is also available. 
Observation ports are provided along the side wall of the combustion 
chamber to enable photographs to be taken of the flames as required. 

bar (1200 lb/in2) and oil temperatures up to 2oO°C (392OF) 

Noise 

A smoke density meter and 
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Steam f o r  o i l  hea t ing  and a tomisa t ion  is a v a i l a b l e  from a package 
b o i l e r  of 4994 kg (10,980 lb)  per  hour steam capac i ty  a t  a d e l i v e r y  
pressure  o f  17.24 bar (250 lb/in2 

l lost  o i l  burner  t e s t  work i s  c a r r i e d  out  using co ld  combustion a i r .  
However, combustion a i r  preheat  can be achieved by means of  duc t  
burners  loca ted  i n  t h e  combustion a i r  supply duct ing a f t e r  t h e  a x i a l  
f low fans. l i i t h  t h i s  system i n  o p e r a t i o n  oxygen has  t o  be suppl ied t o  
t h e  combustion a i r  s t rcam t o  maintain a 21% 9 content  i n  t h e  combustion 
a i r  a t  t h e  burner  windbox. 

I n  o r d e r  t o  provide a complete burner  test f a c i l i t y ,  comprehensive lab- 
o r a t o r y  f a c i l i t i e s  and e x p e r t i s e  a r e  a v a i l a b l e  t o  provide chemical and 
phys ica l  a n a l y s i s  o f  f u e l s  and p a r t i c u l a t e s  and a l s o  isotherrn.?l test 
f a c i l i t i e s  t o  a s s e s s  t h e  q u a l i t y  of  a tomisa t ion  of  t h e  var ious  atomiser  
des igns  under t e s t .  

F igure  1 i n d i c a t e s  t h e  genera l  layout  of t h e  t e s t  r i g  and t h e  a n c i l l a r y  
supply and a n a l y s i s  equipment. 

Conversion o f  t h e  Rig t o  Provide a Coal and Coal S l u r r y  F i r i n g  
C a p a b i l i t y  

The o h j e c t  of t h e  conversion e x e r c i s e  is t o  maintain t h e  e x i s t i n g  o i l  
f i r i n g  c a p a b i l i t y  and provide t h e  f a c i l i t y  f o r  f i r i n g  pulver i sed  f u e l ,  
c o a l  s l u r r i e s  (e.g. c o a l  water  or c o a l  o i l  mix tures)  and gas  a t  s i m i l a r  
maximum hea t  input  r a t e s  of around 700 m i l l i o n  BTU/hr. Both l i g h t  and 
dense phase systems f o r  t h e  f i r i n g  o f  pu lver i sed  f u e l  a r e  incorporated 
and t h e  c o a l  s l u r r y  f i r i n g  f a c i l i t i e s  a r e  designed t o  handle  c o a l  water  
mixtures  conta in ing  up t o  75% c o a l  and c o a l  o i l  mixtures  wi th  up t o  50% 
coal .  A t y p i c a l  B r i t i s h  F a s t  Midlands steam r a i s i n g  c o a l  of 15% ash  
conten t  (dry  b a s i s )  and 7220 Kcals/kg (13,000 DTU/lb) c a l o r i f i c  value,  
was usad a s  t h e  b a s i s  of des ign  c a l c u l a t i o n s  f o r  t h e  conversion exercise .  

The problems t o  be overcome i n  t h e  conversinn e x e r c i s e  were t h e  deposi-  
t i o n  and c o l l e c t i o n  of ash ,  both wi th in  and o u t s i d e  t h e  t e s t  r i g  ( t o  
s a t i s f y  Local Author i ty  r e g u l a t i o n s ) ,  t h e  provis ion  of a combustion a i r  
pre-heat ing c a p a b i l i t y ,  and t h e  des ign  of conveying systems f o r  dense 
phase and l e a n  phase p u l v e r i s e d  f u e l  and f o r  c o a l  s l u r r i e s .  

Local Author i ty  environmental  requirements  restrict s o l i d s  d ischarge  
f r o m  t h e  r i g  s t a c k  t o  72 kg/hr (158 lb/hr) .  Therefore ,  i n  ordcr  t o  cope 
with t h e  maximum c o a l  f i r i n g  r a t e  of 10 tonnes/hr  with a 15% ash  c o a l ,  
t h e  waste  gases  leav ing  t h e  r i g ,  a t  about  1000OC (18)O°F), must be con- 
d i t i o n e d  and cleaned b e f o r e  be ing  d ispersed  t o  t h e  atmosphere. The 
system decided upon for gas  condi t ion ing  and c leaning  comprised a h igh  
pressure  hot  water  waste  hea t  b o i l e r  followed by a mult i -cyclone d u s t  
c o l l e c t o r .  An induced draught  f a n  a f t e r  t h e  d u s t  c o l l e c t o r  conveys t h e  
cooled c l e a n  gases  i n t o  t h e  s t a c k  and t h u s  t o  atmosphere. 
t i o n  of t h e  waste  hea t  recovery  system al lowed t h e  provis ion  of pre-heat 
to t h e  combustion a i r  and pr imary a i r  (conveying lean  phase pulver i sed  
f u e l )  v i a  high p r e s s u r e  h o t  water  hea t  exchangers  loca ted  i n  t h e  approp- 
r i a t e  a i r  ducts. 
v i a  a s e r i e s  of forced draught  dump c o o l e r s  l o c a t e d  remotely from t h e  
test r i g  and o p e r a t i n g  i n  t h e  c losed  c i r c u i t  mode i n  l i n e  with t h e  waste  
hea t  b o i l e r .  
exchangers a t  a tempcra ture  of 
(440 lbs/ in2 ) provid ing  121OC (250OF) pre-heatofor  t h e  primary a i r  l e a n  
phase pulver i sed  f u e l  conveying and 177OC ( 3 5 0  F)  preheat  f o r  t h e  second- 
a r y  combustion a i r .  The system of duct  burners  and oxygen i n j e c t i o n  is 
r e t a i n e d  i n  order  t o  provide increased  secondary ( o r  combustion) a i r  
pre-heat as required.  

2.2 

The incorpora-  

Surp lus  h e a t  from t h e  waste  h e a t  b o i l e r  is d i s s i p a t e d  

l ia te r  is s u p p l i e d  from t h e  waste  hea t  b o i l e r  t o  t h e  h e a t  
218Oc (425*F) and pressure  of  30 b a r  
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In addition to collection of ash outside the combustion chamber it is 
anticipated that up to 50% of the total ash content of the coal could 
be Collected inside the chamber. To facilitate the removal of this ash 
and any spillages of unburnt pulverised fuel the existing refractory 
Pebble floor is to be replaced by a water-cooled floor of similar design 
to the side walls as mentioned in section 2.1. As the existing mode of 
operation for the development of low excess air oil burners iS to be 
maintained a water-cooled door has been provided in the rig back wall 
enabling combustion gases to h.? diverted either directly,or via the 
waste gas conditioning system,to the existing stack 

Coal conveying is to he based on a dense phase system either feeding 
directly to a purpose designed burner system or into a pre-heated primary 
air system giving the required air dilution to provide a lean phase pul- 
verised fuel firing facility. 

The dense phase system comprises a pressurised double-blow tank unit fed 
from a 20 tonne pulverised coal storage silo. Nitrogen purge facilities 
and continuous temperature monitoring of the storage silos are provided 
in order to minimise the explosion risk. The dense phase system will 
allow pulverised fuel to be conveyed in relatively small diameter pipe- 
lines, compared to the more conventional lean phase firing systems, which 
could be an important consideration when boiler changeovers from oil to 
coal firing are contemplated and the existing access to the boiler fronts 
is limited. Fuel flow rates from the dense phase system will be monitor- 
ed by load cells located in the blow tank system. 

The slurry feed system comprises a storage tank which can be stirred and 
heated continuously, and a mono-pump with facilities for flushing out the 
complete system after any particular firing exercise. Slurry flow will 
be monitored by a 'Doppler Effect' flow meter, with the slurry contin- 
uously circulated around the pump and storage tank and taken off as re- 
quired to the burner system. 

A facility for continuous data logging of fuel flows, gas flows, gas 
analysis and temperature is to be provided and this microprocessor con- 
trolled unit will also provide a central control over all the operating 
parameters, giving a continuous visual display of the levels of the 
parameters throughout a test run. An instant print-out of these para- 
meters can be obtained at any selected point in the test run. Figure 2 
shows the general layout of the test rig after the conversion to pro- 
vide this multi-fuel burner development facility and Figures 3 and 4 
show details of the pulverised fuel and coal slurry conveying systems. 

The conversion programme is to take place in two phases - the first 
phase will provide facilities to enable a maximum of 3.5 tonnes/hr of 
coal to be fired either in dense phase or slurry form. Limiting the 
firing rate to this level removes the necessity for the provision,of gas 
cleaning to meet the environmental emission levels and enables exper- 
ience of operating the rig under coal firing conditions to be obtained 
more quickly. Phase 2 of the conversion involves installation of the 
gas conditioning dust cleaning plant to allow the operation at the full 
fuel rating. The conversion work is expected to be completed and the 
rig fully operational during the first half of 1983. 

I 

\ 
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Attention has also had to be given to the sound levels from equipnent to 
be provided in the conversion work. 
operating personnel, the sound pressure level from any individual item 
of plant will not exceed 90 dBA at 1 metre and secondly, because the rig 
will operate within the proximity of a local housing estate, the maximum 
sound power level from the complete plant is limited to 117 dBA, ref. 
10- watts, with a boundary condition of 65 dBA at 200 metres. 

Firstly, for the protection of 

3. The Small ( 5  million BTU/hr) Thermal Test Rig at Derby 

Fundamental combustion studies and particular aspects of burner systems devel- 
opment work can be carried out quickly and economically on this small rig. 
The rig is linked to the same gas analysis system as the large r i g  and is 
equipped for oil, gas and coal slurry firing, additionally a combustion air 
preheater is available capable of delivering combustion air at up to 425OC 
( 8OoOF). 

The combustion chamber comprises a water-cooled mineral wool lined steel 
cylinder 4 m (13 ft) long by 1.1 m (3.75 ft) diameter, with a 5.2 m (17 ft) 
refractory lined stack equipped with gas sampling and temperature measurement 
points. Observation ports are provided on the combustion chamber axis, close 
to the burner and in the chamber rear wall. Compressed air and steam are 
available for fuel atomisation purposes as are pumping and circulating trains 
for oil fuels and coal slurries. 
capable of burning 125 kg/hr (275 lbs) of gas oil and 205 - 230 kg/hr (450 - 
500 lhs) of coal water slurry or their equivalent. 
layout of the small scale rig and its ancillary equipment. 

At a 5 million BTU/hr rating this rig is 

Figure 5 shows the general 

4. Work on Coal Slurry Utilisation 
r 

4.1 Coal Water Mixtures 

Recent work based on the small scale rig has concentrated on investiga- 

handling equipment and burner design. In the initial stanes of the work 
considerable problems were encountered with blockages in pipelines and 
burner heads because of the instability and excessive proportion of over- 
size coal particles (ca 500pm) in the coal water mixtures. 

These early experiences enabled the compilation of a qeneral specifica- 
tion for coal water mixture properties and associated handling equip- 
ment to be used as a basis for the successful development of a coal 
water combustion system. These desirable features can be listed as 
follows:- 

4.1.1 Combustion and Handling Equipment 

tions into the properties of coal water mixtures and their influence on ! 

$ 

Atomisers should be based on an external mix air ntomiser design 
avoiding sudden changes in direction and diameter in the coal 
water mixture conveying system which tends to deposit the coal 
from the slurry and can be points of excessive wear, particularly 
in atomiser components. Steam atomisation is to be avoided since 
the additives used to stabilise the coal water mixture can break 
down at temperatures above 60OC (14OOF). 

Coal water mixtures should be fed to the burners via a continuous 
recirculation system (see Fig. 5 )  and particularly in the case of 
intermittent rig work, facilities should be provided for water 
flushing of all the feed lines and valves after each run. It 
Should also be noted that a coal water mixture can freeze in 
ambient temperatures of O0c (32OF) or less and provision should 

66 



- 6 -  

\ 

he made for some formof trace heating, subject to the temperature 
limitations mentioned above, where these conditions can occur. 

4.1.2 Coal Water Mixture Properties 

Coal particle size in the coal water mixture should he a maximum 
of 259111 and the coal volatile matter (dry basis) a minimum of 
25%. There should he little or no settling out during transporta- 
tion and any settling which does occur should be easily overcome 
by a simple recirculation system a s  described earlier. 

The properties of the coal water mixture used in the small scale 
test work at Derby are given in Table 1. 

TMLE 1 

Coal It'ater Mixture Properties 

1.1 Proximate Analysis Coal in 
Slurry Oriqinal Coal 

Ash % (dry basis) 3.0 1.8 
Volatile Matter (dry basis) 35.5 37.4 

Sulphur 1.24 1.02 
Fixed Carbon 61.5 60.8 

Inherent coal moisture 4% 

1.2 Ultimate Analysis Coal in 
Slurry Oriqinal Coal 

C 
III 
N2 
Ash 
s (pyritic) 
S (sulphatic) 
s (organic) 
9 (by difference) 

83.4 
5.2 
1.8 
3 - 0  
0.55 
0.04 
0.65 
5.36 

04.5 
5-4 
1.8 
1.8 
0.34 
0.05 
0.63 
5.48 

1.3 Confirmatory Analysis 

The above analyses were supplied by the coal water mixture 
supplier, confirmatory proximate analysis carried out at 
the Derby laboratories on the coal slurry was as follows:- 

As Received Dry Basis 

Moisture % 26.9 - 
Ash % 1.36 1.86 

28- 85 75-36 Volatile Matter % 
Fixed Carbon % 45-89 62.78 
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1.4 Physical Analyses 

Sieve Analysis of Dry Sample - % 

+ 30 mesh (57Opm) - 30 mesh + 60 mesh (25Opm) - 60 mesh +lo0 mesh (15Opm) 
-100 mesh +2o0 mesh ( 7Wm) 
-200 mesh +300 mesh ( 45pm) 
-300 mesh 

Nil 
0.42 
5.02 

18-55 
9.93 

66.08 

Viscosity Data up to 6OoC 

Taken by a Contraves RMl5 viscometer shear prior to measure- 
ment 30 sec-’- 

Temperature (OC) Viscosity (centistokes) 

19.5 
30.0 

60.0 

40.5 
50.0 

9 89 
765 
621 
641 
576 

Surface Tension 

Liquor extracted from the slurry 57 dyne cm-. 

The coal water slurry is in fact derived from a coal beneficiation 
process and the properties of the original coal are included in 
Table 1 for comparison purposes. The coal water mixture meets the 
desired specification levels with regard to coal particle size, 
coal volatile matter and stability and has proved very easy to 
handle through the small scale thermal test rig pimping system 
described earlier. 

4.2 The Influence of Coal Water Mixtiire Properties on Burner Design 

Although, generally speaking, coal water mixtures can, as claimed by the 
proprietary slurry producers, be handled like a fuel oil there is a sig- 
nificant difference in the viscosity temperature relationship of the fuels 
which must be taken into consideration in designing a burncr to handle a 
coal water mixture. 
oils are heated to around 140 C (28OoF), which helps to achieve oil drop- 
let sizes ex - the atomiser in the 60 - loop, mean size range. Equally 
good atomisation is required for coal water mixture combustion in order 
to achieve rapid evaporation of the water content and release of the coal 
volatiles necessary to establish stable ignition conditions. 

Typical viscosity/temperature curves for fuel oil and coal water mixtures 
are shown in Figure 6 and these, together with the slurry temperature/ 
stability relationships mentioned in Section 4.1.1, preclude heating as 
a method of significant viscosity reduction with coal water mixtures. 

Normallyd to produce good atomisation, heavy fuel 
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Two possibilities were considered for the required viscosity reductions: 

1 

1 

1 

1) 
coal water slurry. In order to be effective both techniques have to be 
applied to the fuel as close to the atomiser tip as possihle and aera- 
tion was chosen as the more practical proposition being more compatible 
with k n o m  twin fluid atomiser design techniques. 

Figure 7 shows the theoretical viscosities obtainable by aeration of coal 
water mixtures, based on calculation techniques used in viscosity blcnd- 
ing of oils'. 

Development of a Coal Water Mixture Burner 

Figures 8 and 9 show the general arrangement of the burner used for the 
small scale development work and a diagrammatic representation of the 
burner nozzle configuration, incorporating the viscosity reduction by 
aeration principle. 

For the initial exercise on burner nozzle development cold combustion air 
was used with the gas burner (Figure 8 )  supplying the initial preheating, 
ignition and stabilisation of the coal water mixture flame, as required. 

The nozzle design incorporates two sets of atomising air holes desig- 
nated 'shear holes' which give rise to the initial aeration (or viscosity 
reduction) process and 'swirl holes' which produce a coherent spray from 
the nozzle tip. Initial qualitative spray trials resulted in three 
nozzles, designated C, D and E, of varying shear hole/swirl hole diameter 
ratios, being selected for thermal tests. 

Isothermal spray work, using glycerine to represent the viscous cool water 
mixture, indicated that the nozzles produced good quality atomisation. 
Figure 10 shows the results of these isothermal tests. Extrapolation of 
the curves indicates that perhaps nozzle E will produce better atomisa- 
tion at hiqher fuel flow rates. 

The results of these initial thermal tests together with the variations 
in nozzle geometry are given in Table 2. In this table the 'apparent 
viscosities' calculated are based on the assumption that the atomising 
air supplied to the nozzle divides into shear and swirl air in direct 
proportion to the shear/swirl hole area ratios. 

the addition of viscosity reducing chemicals, and 2) aeration of the 

4.3 
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TABLE 2 

R e s u l t s  o f  Pre l iminary  Small S c a l e  Thermal T e s t s  on 

Coal Water Mixture Atomisers 

2.1 Nozzle C - Shear Hole/Swirl Hole Area Rat io  0.50 

Coal Water Mixture (CWM) feed  r a t e  
kgs/hr ( lbs /hr )  
Coal Water Mixture feed p r e s s u r e  b a r  ( p s i )  
Atomising a i r  p r e s s u r e  bar ( p s i )  
Atomising a i r  r a t i o  
wt a i r  : w t  CWM 
Heat input  t o  test r i g  % MCR 
Heat input  r a t i o  CWU : g a s  
Excess 9 % i n  f l u e  gas  
Flue gas temperature  OC 

110 
0.6 
4- 1 

0-48 0.36 0.29 

6.8 9-2 11.3 

779 805 820 

58 76 92 

1.6 1.5 1.4 

Apparent a e r a t e d  Clm v i s c o s i t y  CS I 300 350 400 

2.2 Nozzle D - Shear Hole/Swirl Hole Area R a t i o  0.98 

Coal Water Mixture (CUM f e e d  r a t e  
kgs/hr ( lbs /hr )  110 (21t2) 148 (325) 
CGIM feed p r e s s u r e  b a r  ( p s i )  0.6 ( 8 )  0-9 (12-5) 
Atomising a i r  p r e s s u r e  b a r  ( p s i )  4.1 (60) 4.1 (60) 
Atomising a i r  r a t i o  

Heat input  r a t i o  CW: g a s  I 6.8 9-2 

wt a i r  : w t  CWM 0.48 0.36. 
Heat input  t o  r i g  96 MCR 58 76 

182 (400) 

4.1 (60) 
1.2 (16) 

0.29 
92 

Excess 0, % i n  f l u e  gas  
Flue gas  temperature  OC 

100 150 250 Apparent v i s c o s i t y  a e r a t e d  CWM cS 

Nozzle E - Shear  Hole/Swirl Hole Area Rat io  2.0 2.3 

Coal water  mixture  (Ch'M) feed  rate 
kgs/hr ( lbs /hr )  
CWM feed pressure  bar  ( p s i )  
Atomising a i r  p r e s s u r e  b a r  ( p s i )  
Atomising a i r  r a t i o  
wt air  : w t  C1W 
Heat input  t o  r i g  % MCR 
Heat input  r a t i o  CUM x g a s  
Excess 9 % i n  f l u e  gzs  
Flue gas temperature  C 

60 100 Apparent v i s c o s i t y  a e r a t e d  CWl cS 
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The results indicate that at a heat input equivalent to the rated 
maximum of the small rig (5 million BTU/hr) the ratio of heat input by 
coal water mixture to that of stabilising gas is 11.29 : 1 when firing 
with cold combustion air in a relatively cold furnace, which is equiv- 
alent to supplying pre-heated combustion air in the temperature range 
200 - 315OC (400 - 600OF) depending upon the excess air ratios required 
for combust ion. 

Although no heat balances were performed during these first atomiser 
development tests, the flue gas temperature in Table 2 indicates a 
tendency for improved burning of the coal water mixtures as the apparent 
viscosity of the fuel was reduced by aeration. E.g. at the maximum 
firing rate of 182 k g h r  (400 lbs) of coal water mixtgre flue gas 
temperature increased from A20°C - 925OC (1500 - 1700 F )  at 1.5% excess 
oxygen for viscosity changes from 400 - 150 cS. 
The thermal work was carried out on the small scale rig with some of the 
refractory wool lining removed in an attempt to produce conditions 
similar to those in utility boiler practice with the flame exposed to 
Cool surfaces and adjacent hot flame gases. 

\ 

A completely refractory brick lined combustion chamber would obviously 
facilitate combustion stability when firing coal water mixtures, but 
work is continuing at Derby to study the effect of gas recirculation, 
the use of pre-heated air and possible a refractory quarl as an aid to 
combustion stability. \ 

i. 

I 

Gas recirculation is controlled by swirler design. The current swirler 
has a 45O vane angle and overall dimensions giving a swirl number of 1.1. 
A range of swirlers will be tested to assess the affect of recircula- 
tion of hot flame gases on the flame development. Pre-heated combustion 
air, in the range 100°C - 427OC (ZOOOF - 800OF) will be utilised for this 
purpose also. It is considered that these two methods of increasing 
combustion stability are the important factors when considering the 
application of coal water mixture firing in utility boilers. If further 
initial heating is considered necessary the use of a refractory quarl 
to supply radiant heat to the flame root will also be studied. 

5. Large Scale Thermal Test Rig Work 

The availability of the large rig for coal water mixture work depends on the 
progress of the conversion programme outlinedin Section 2.2. However, it is 
probable that this will be one of the first exercises carried out on the con- 
verted rig, using firing rates in the 2 - 5 tonnes/hr range. 
design will be based on that used for firing a 40% coal 60% oil mixture on 
the rig and subsequently on a utility boiler, but incorporating the design 
features discussed in Section 4.3, in order to producea coherent coal water 
mixture spray., The current small scale test work will indicate the level of 
combustion air preheat and swirl required to achieve stable combustion con- 
ditions. 
main body of the flame, back to the flame root, will obviate the need for 
incorporation of a refractory quarl. 

The burner 

With the larger flames it is anticipated that radiation from the 
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INTRODUC 

Background 

ION 

The use of residual fuel oi l  as  a u t i l i t y  boiler fuel i s  coming t o  an end. 
I t s  price has increased by more than a factor of 5 since 1973. 
has become a matter of uncertainty. 
baseload u t i l i t y  boilers, and  the Congress has  been considering mandatory 
conversion of existing oi l - f i red units t o  coal. Not surprisingly, then, u t i l i t i e s  
are aggressively searching f o r  a1 ternative fuels. 

I t s  availability 
Federal policy prohibits i t s  use in new 

One such al ternat ive may be coal-water fuel (CWF). Comprised of finely 
pulverized coal par t ic les  suspended in  water, CWF may contain 65 t o  80 percent dry 
coal by weight. 
highly loaded s lur r ies  i s  t h a t  they a re  quite fluid. 
suspensions: the coal par t ic les  do n o t  s e t t l e  during storage for  several weeks or 
even several months. Although producers d i f fe r  in the i r  methods, these propertles 
are  generally obtained by using a par t icular  coal par t ic le  size distribution for 
e f f ic ien t  par t ic le  packing coupled with the use of certain chemical additives t o  
provide good f luidi ty  and s tab i l i ty .  

The i m p o r t a n t  and somewhat surprising character is t ic  of these 
They are a lso stable 

One of the f i r s t  applications of these fuels in the u t i l i t y  industry may be 
in boilers which were originally designed for  coal f i r ing,  b u t  because of the 
price, avai labi l i ty ,  and convenience of fuel o i l ,  have been f i r ing oil instead. 
In many cases these u t i l i t i e s  never purchased, or have removed coal handling 
equipment, and many no longer have room for  coal storage piles. 
u t i l i t i e s  could be offered a coal-water fuel which could be f i red with only minor 
modifications t o  the i r  fuel oi l  handling systems, the i r  conversion t o  coal f i r ing 
would be greatly simplified a n d  l e s s  costly. The environmental problems 
associated with coal storage piles would also be avoided. 

If these 

Another possible short-term application for  coal-water fuels i s  in uti1 i ty  
boilers which were designed for oil f i r ing.  
i s  similar t o  f i r ing a moist pulverized coal, a number of problems arise. 

However, since coal-water fuel f i r ing  
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The coa l  p a r t i c l e  res idence t ime i n  t h e  b o i l e r  may n o t  be l o n g  enough, a t  f u l l  

load, t o  pe rm i t  good carbon burnout. 
removal system. F i n a l l y ,  t h e r e  a r e  problems associated w i t h  s lagging,  f o u l i n g ,  

depos i t ion ,  and e ros ion  which must be addressed. 
s t r o n g l y  boi ler-dependent,  must be used t o  determine whether and by how much a 

b o i l e r  must be de ra ted  when f i r i n g  coal -water  f u e l .  Use o f  coa l  b e n e f i c i a t e d  t o  
c i r c a  1% ash may lessen  t h e  d e r a t i n g  pena l t y  enough t o  make s l u r r i e s  more v i a b l e  

f o r  t h i s  app l i ca t i on .  

The b o i l e r  may n o t  have an adequate ash 

A l l  o f  these fac to rs ,  which a r e  

I' 

I 

1 
\ 

I n  t h e  f u t u r e  CWF c o u l d  f u e l  new u t i l i t y  b o i l e r s .  Such f a c t o r s  as l a n d  

a v a i l a b i l i t y ,  coa l  t r a n s p o r t a t i o n  cos ts ,  and r e l a t i v e  c a p i t a l  c o s t s  o f  f u e l  

hand l i ng  and combustion systems w i l l  d i c t a t e  t h e  f u e l  choice.  

Before coal -water  f u e l s  can f u l f i l l  t h i s  p o t e n t i a l  r o l e ,  l a rge -sca le  
combustion t e s t s  must be performed. A1 so,  l a r g e - s c a l e  f u e l  p r e p a r a t i o n  f a c i l i t i e s  

t h a t  can produce f u e l s  o f  c o n s i s t e n t  q u a l i t y  and u n i f o r m i t y  f o r  a v a r i e t y  o f  c o a l s  
must be designed and b u i l t .  

I 

To Babcock & W i l cox ' s  (B&W's) knowledge, t h e r e  a r e  a t  l e a s t  seven vendors o f  

coal-water f u e l s  who i n t e n d  t o  market t h i s  product  and who have subscale 
product ion f a c i l i t i e s .  
c u r r e n t l y  pursu ing t h e  technology and cou ld  e n t e r  t h e  marketp lace i n  t h e  near 

fu tu re .  P r i o r  t o  t h e  work repo r ted  here in ,  B&W had performed p r e l i m i n a r y  f u e l  

cha rac te r i za t i on ,  pumping, and combustion t e s t s  on  C W F ' s  f rom two o f  t hese  

vendors. The purpose o f  these f e a s i b i l i t y  s t u d i e s  was t o  determine whether these 
fue l s ,  c o n t a i n i n g  67-72% d r y  so l i ds ,  c o u l d  be handled and burned i n  a manner 

s i m i l a r  t o  r e s i d u a l  f u e l  o i l .  An e x i s t i n g  8 - m i l l i o n  B tu /h r  o i l  bu rne r  f i r e d  a t  

4 - m i l l i o n  Btu/hr  was used d u r i n g  these combustion tes ts .  
i n  des ign t o  burners p rov ided  i n  recen t  u t i l i t y  b o i l e r  o f fer ings.  

It i s  suspected t h a t  many o t h e r  o rgan iza t i ons  a r e  

Th is  burner  i s  s i m i l a r  

Resu l t s  o f  these t e s t s  were encouraging. It was concluded t h a t  s t a b l e  
i g n i t i o n  o f  CWF c o u l d  be ob ta ined  w i t h o u t  t h e  necess i t y  o f  suppor t  f ue l .  The 
range o f  s t a b l e  cond i t i ons ,  however, was more l i m i t e d  f o r  t h e  CWF t e s t s  than i t  

was d u r i n g  combustion o f  t h e  pa ren t  c o a l s  i n  t h e  convent ional  p u l v e r i z e d  form. 
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CWF p r o p e r t i e s  had a profound i n f l u e n c e  on these combustion tes ts .  F o r  

ins tance,  l a r g e  p a r t i c l e s  tended t o  p l u g  t h e  atomizer,  and h i g h  CWF v i s c o s i t i e s  

1 i m i t e d  atomizer  e f fec t i veness .  
c o n t a i n i n g  very  few coa l  p a r t i c l e s  seemed t o  be t h e  most impor tant  f a c t o r  i n  

ach iev ing  s t a b l e  i g n i t i o n .  The e f f e c t i v e n e s s  o f  a tomiza t i on  was g r e a t l y  

i n f l u e n c e d  by CWF v i s c o s i t y ,  which c o u l d  be decreased by p rehea t ing  o r  d i l u t i n g  

t h e  fue l .  
i n c r e a s i n g  temperature, v i s c o s i t y  increases w i t h  i nc reas ing  temperature f o r  

others.  
t he  combustion process p r i o r  t o  t h e  eventua l  f u l l - s c a l e  demonstrat ions o f  t h i s  new 
fue l .  

The a b i l i t y  t o  produce f i n e l y  atomized d rop le ts  

I n t e r e s t i n g l y ,  w h i l e  t h e  v i s c o s i t y  o f  some CWF f u e l s  decreases w i t h  

C lea r l y ,  more had t o  be l ea rned  about t h e  e f f e c t s  o f  CWF p r o p e r t i e s  on  

Ob jec t i ves  

The E l e c t r i c  Power Research I n s t i t u t e  (EPRI), concerned about  f u e l  

procurement f o r  i t s  planned i n d u s t r i a l  and u t i l i t y  b o i l e r  CWF demonstrat ions,  

awarded B&W a c o n t r a c t  t o  r e s o l v e  some o f  these issues. The pr ime o b j e c t i v e  o f  
t h e  program i s  t o  p rov ide  EPRI w i t h  a s tandard coal -water  f u e l  s p e c i f i c a t i o n  w i t h  
which i t  can procure f u e l s  f o r  f u t u r e  tes ts .  Since such a s p e c i f i c a t i o n  would be  

useless w i t h o u t  s tandard f u e l  c h a r a c t e r i z a t i o n  t e s t  procedures, B&W w i l l  a l s o  

recommend t e s t i n g  procedures f o r  use w i t h  CWF's. 
i n  progress,  and t h i s  paper p resen ts  some p r e l  im ina ry  exper imental  r e s u l t s .  

B&W's work on t h i s  c o n t r a c t  i s  
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EXPERIMENTAL APPROACH 

\ I n  at tempt ing t o  meet these  goals,  B&W i s  conduct ing an ex tens i ve  

exper imental  program c o n s i s t i n g  o f  work i n  f o u r  major  areas: 

0 Laboratory  f u e l  c h a r a c t e r i z a t i o n  t e s t s  
Rheology t e s t i n g  

0 Atomizat ion c h a r a c t e r i z a t i o n  
Combustion t e s t i n g  

EPRI has procured CWF's f rom f i v e  vendors t o  p rov ide  a range o f  phys i ca l  

p r o p e r t i e s  rep resen ta t i ve  o f  t h e  expected commercial product.  The vendors a r e  

each p r o v i d i n g  a CWF produced from a coa l  o f  t h e i r  own choice.  

vendor i s  producing a CWF f rom a coa l  prov ided by EPRI f rom i t s  Homer City Coal 
Cleaning P lan t .  T h i s  "c lean"  coa l  was a l s o  supp l i ed  t o  B&W t o  be f i r e d  i n  t h e  

convent ional  p u l v e r i z e d  form t o  p rov ide  a bas i s  o f  comparison o f  combust ion 
\ performance. 

I n  a d d i t i o n ,  one 

-l 

\ 
Exper imental  r e s u l t s  i n  t h e  f o u r  major  areas o f  i n v e s t i g a t i o n  w i l l  be 

c o r r e l a t e d  t o  1 i n k  CWF combustion performance w i t h  CWF phys i ca l  p roper t i es .  T h i s  
i n f o r m a t i o n  w i l l  be used t o  determine t h e  p r o p e r t i e s  a CWF must have f o r  use as a 
b o i l e r  fue l ,  and a s tandard CWF s p e c i f i c a t i o n  w i l l  t hen  be generated. 1 

\ Fue ls  Charac te r i za t i on  
\ 

The f u e l  a n a l y s i s  procedures l i s t e d  i n  Table 1 were used t o  c h a r a c t e r i z e  the  
pa ren t  coa ls  and CWF's. 
and a bas i s  f o r  assessing t h e  e f f e c t s  o f  coa l  p r o p e r t i e s  on  CWF p roper t i es .  

r e s u l t s  o f  these t e s t s  a i d  combust ion t e s t s  and i n  i n t e r p r e t i n g  hand l i ng  and 
combust ion t e s t  r e s u l t s .  

These t e s t s  p rov ide  a bas i s  f o r  comparing d i f f e r e n t  CWF's 

The 

The t e s t  procedures c o n s i s t  o f  s tandard ASTM methods, spec ia l  methods 

developed by B&W f o r  r o u t i n e  e v a l u a t i o n  of f ue l s ,  and a d d i t i o n a l  t e s t  methods 
s p e c i f i c  f o r  CWF's. The CWF v i s c o s i t i e s  were measured by a Haake Rotoviscometer, 
Model RV-100. 
Leeds & Nor thrup M i c r o t r a c  P a r t i c l e  S ize  Analyzers cove r ing  a range of 0.3 t o  300 

microns. 

The p a r t i c l e  s i z e  d i s t r i b u t i o n s  o f  t h e  CWF's were measured by two 
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The Labora to ry  Ashing Furnace (LAF), shown schemat i ca l l y  i n  F igu re  1, was 

used t o  study f a c t o r s  p e r t a i n i n g  t o  ash depos i t  f o rma t ion  i n  b o i l e r  tube banks. 
P r o p e r t i e s  o f  f l y  ash produced i n  t h i s  u n i t  a re  comparable t o  those o f  f l y  ashes 

obta ined from commercial i n s t a l l a t i o n s  when s i m i l a r  combustion c o n d i t i o n s  a re  
maintained. The LAF i s  designed t o  f i r e  l i q u i d ,  s o l i d ,  s l u r r y ,  and gaseous fue ls .  

The LAF has a nominal heat  i n p u t  o f  200,000 Btu/hr .  
p u l v e r i z e d  coa l  and l i q u i d / s l u r r y  feed systems, an approp r ia te  burner  f o r  spec i f i c  
f u e l  type, a r e f r a c t o r y  combustion chamber w i t h  a three-zone e l e c t r i c  guard 

heater ,  a water-cooled heat  exchanger, and a f l y  ash c o l l e c t i o n  system. 

feed system inc ludes  a heated 55 -ga l l on  s torage tank w i t h  an a i r  powered mixer ,  a 
Moyno pump w i t h  var iab le-speed dr ive,  feed l i n e s ,  and a water-cooled burner  w i t h  

i n t e r n a l - m i x  atomizers.  

The LAF c o n s i s t s  o f  

The CWF 

The CWF dynamic s t a b i l i t y  t e s t  equipment c o n s i s t s  o f  CWF sample conta iners,  a 

L i n g  shaker tab le ,  a G-force generator ,  and a random frequency generator. 
s imulated t r a n s p o r t a t i o n  modes and t e s t  c o n d i t i o n s  i nc luded  s h i p  (5-20 HZ and 0.6 

G I s ) ,  r a i l  (5-20 HZ and 0.6 G's) ,  t r u c k  under normal road c o n d i t i o n s  (20-100 HZ 
and 0.6 G Is ) ,  and t r u c k  under severe road c o n d i t i o n s  (100-200 HZ and 0.6 G's) .  
The dynamic and s t a t i c  t e s t  r e s u l t s  p rov ide  i n f o r m a t i o n  on the  s torage and 

t r a n s p o r t a t i o n  p r o p e r t i e s  o f  CWF's. 

The 

Rheology 

Many o f  t he  key phys i ca l  p r o p e r t i e s  o f  a CWF a re  associated w i t h  i t s  f l o w  
p roper t i es .  

t r a n s p o r t  and pumping, b u t  t h e  q u a l i t y  o f  a tomiza t i on  i s  a l s o  expected t o  be 
c o n t r o l l e d  by these p roper t i es .  S ince a tomiza t i on  q u a l i t y  has been shown t o  have 

a tremendous i n f l u e n c e  on t h e  combustion performance o f  CWF's, t h e  l i n k  between 

rheo log ica l  p r o p e r t i e s  and a t o m i z a t i o n  q u a l i t y  must be es tab l i shed .  

Not o n l y  do they determine i t s  hand l i ng  c h a r a c t e r i s t i c s  d u r i n g  

Since i t  i s  expected t h a t  t h e  combust ion c h a r a c t e r i s t i c s  o f  CWF f u e l s  w i l l  be 
s t r o n g l y  dependent on the  q u a l i t y  o f  a tomiza t i on ,  and a tomiza t i on  q u a l i t y  w i l l  
depend on the CWF f l o w  p r o p e r t i e s ,  a suppor t  a c t i v i t y  has been inc luded  t o  
i n v e s t i g a t e  t h e  rheology o f  CWF's. 

s p e c i f i c a t i o n ,  i t  w i l l  be impor tan t  t o  understand how s l u r r y  rheology a f f e c t s  
I n  the  development o f  a CWF work ing 
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t h e  o t h e r  phenomena o f  i n t e r e s t  i n  t h i s  study. 

impor tan t  t o  v e r i f y  t h a t  t h e  r h e o l o g i c a l  behavior  o f  coal -water  f u e l s  can be  
understood i n  terms o f  t h e  a v a i l a b l e  t h e o r e t i c a l  models o f  non-Newtonian f l u i d s .  

I n  p a r t i c u l a r ,  i t  i s  impor tan t  t o  show t h a t  t h e  f l o w  p r o p e r t i e s  o f  these s l u r r i e s  

i n  process p ipe l i nes ,  etc., can be  p r e d i c t e d  w e l l  enough f o r  design purposes us ing  

theory and c e r t a i n  key l a b o r a t o r y  phys i ca l  p roper t y  measurements. 

To f a c i l i t a t e  t h i s  a n a l y s i s  i t  i s  

\ 

I t  i s  be l i eved  t h a t  t h e  t ime- independent rheology o f  coal -water  f u e l s  can be 
, modeled i n  the  f o l l o w i n g  way: 

where: T = shear s t r e s s  
'y = y i e l d  s t r e s s  ( e m p i r i c a l  constant )  
k = emp i r i ca l  cons tan t  

n = emp i r i ca l  cons tan t  
= shear r a t e  

It i s  known, f o r  example, t h a t  most CWF's e x h i b i t  a y i e l d  s t r e s s  ( w i l l  n o t  

f l o w  u n t i l  the  a p p l i e d  shear s t r e s s  reaches some c r i t i c a l  va lue)  and show 
decreasing v i s c o s i t y  w i t h  i n c r e a s i n g  shear r a t e  ( n < l ) .  
c h a r a c t e r i s t i c s  can be handled i n  a s t r a i g h t f o r w a r d  manner us ing  t h i s  model. 

Both o f  these 

1 There are  comp l i ca t i ng  f a c t o r s ,  however. A l l  o f  t h e  emp i r i ca l  constants  i n  

t h e  model a re  f u n c t i o n s  o f  temperature and q u i t e  p o s s i b l y  func t i ons  o f  t ime  as 

we l l .  S l u r r y  f u e l s  a r e  known t o  e x h i b i t  t h i x o t r o p y  ( v i s c o s i t y  decreases w i t h  
i nc reas ing  time a t  cons tan t  shear r a t e )  meaning t h a t  t h e  constants  i n  t h e  

rheo log i ca l  model change as t h e  s l u r r y  f l ows  down t h e  l e n g t h  o f  t h e  p i p e l i n e .  

The approach taken i n  t h i s  s tudy was t o  use ex tens i ve  l a b o r a t o r y  v iscometer 
measurements t o  determine t h e  e f f e c t  o f  temperature,  shear ra te ,  and t i m e  a t  

cons tan t  shear r a t e  on t h e  apparent v i s c o s i t y  o f  t h e  va r ious  coal -water  f u e l s  

tes ted .  Th is  i n f o r m a t i o n  w i l l  be used t o  determine t h e  approp r ia te  va lues f o r  t h e  

constants  i n  the  r h e o l o g i c a l  model corresponding t o  va r ious  f l o w  cond i t i ons .  
Eventual ly ,  these r e s u l t s  w i l l  be c o r r e l a t e d  w i t h  p i p e  f l o w  r e s u l t s  and r e s u l t s  

from t h e  o the r  areas o f  i n v e s t i g a t i o n .  
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Atomizat ion 

A tomiza t i on  c h a r a c t e r i z a t i o n  t e s t s  a r e  performed i n  B&W's r e c e n t l y  Completed 

Atomizat ion F a c i l i t y  (F igu re  2).  T h i s  f a c i l i t y  i s  equipped w i t h  s ta te -o f - the -a r t  
l a s e r  d iagnost ics ,  and p e r m i t s  l o c a l  d r o p l e t  v e l o c i t y ,  s i z e  d i s t r i b u t i o n ,  and 

r e l a t i v e  number d e n s i t y  measurements t o  be made i n  la rge -sca le  sprays. 
dimensions o f  t h e  spray chamber a r e  8 f e e t  x 8 f e e t  x 10 fee t .  Mounted on 

opposing w a l l s  a r e  two & f o o t  x 8 - foo t  p l a t e  g lass  windows which p rov ide  op t i ca l  
access t o  t h e  spray f o r  l a s e r  measurements, v i s u a l  observat ion,  and s t i l l  and 

mot ion p i c t u r e  photography. 

The i n s i d e  

A uni form, a x i a l  f l o w  o f  a i r  c o n t i n u a l l y  sweeps through the  chamber t o  
prevent  the  bu i l d -up  o f  a " fog "  o f  very  f i n e  drop le ts .  

by a l a rge ,  f o r c e d  d r a f t  fan, and i s  s t ra igh tened  and un i fo rm ly  d i s t r i b u t e d  by t h e  
windbox. The atomizer  b a r r e l  i s  i n s e r t e d  through t h e  windbox as shown. A gas 

cleanup system a t tached  t o  t h e  downstream end o f  t h e  chamber removes most o f  t he  

spray d rop le ts  from t h e  a i r  s t ream be fo re  i t  i s  exhausted back i n t o  t h e  

atmosphere. I n  t h e  case o f  CWF, t h e  f u e l  c o l l e c t e d  i n  the  gas cleanup system i s  

pumped i n t o  a l a r g e  h o l d i n g  tank  f o r  subsequent d isposa l .  

Th i s  a i r  f l o w  i s  provided 

A 2000-gal lon s torage tank  ho lds  t h e  CWF t o  be  tested. The tank  i s  equipped 

w i t h  a low-rpm s t i r r e r .  

supply CWF t o  t h e  atomizer,  and i s  capable o f  d e l i v e r i n g  2-20 gal lons/minute of  

CWF a t  a discharge pressure o f  400 ps ig .  

e l e c t r i c  CWF hea te r  which has a 100 KW capaci ty .  
heated t o  temperatures i n  excess o f  250°F. 

A v a r i a b l e  speed, progress ing c a v i t y  pump i s  used t o  

The system i s  a l s o  equipped w i t h  an 
With t h i s  hea te r  t h e  CWF can be  

Loca l  d r o p l e t  v e l o c i t y ,  s i z e  d i s t r i b u t i o n ,  and r e l a t i v e  number dens i t y  can be  

obta ined from t h e  l a s e r  d i a g n o s t i c s  us ing  p a r t i c l e  s i z i n g  i n t e r f e r o m e t r y  (commonly 

r e f e r r e d  t o  as t h e  v i s i b i l i t y  technique).  The method requ i res  t h e  same bas ic  

o p t i c a l  equipment as t h e  dual-beam Laser  Doppler  Veloc imeter  (LDV) technique. The 

v i s i b i l i t y  and LDV techniques can p rov ide  non- in t rus i ve  l o c a l  measurements of  
i n d i v i d u a l  d r o p l e t  s i z e  and v e l o c i t y .  
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A schematic of a dual-beam LDV i s  shown in Figure 3. I t  consists of a laser ,  
beam s p l i t t e r ,  focusing lens, collection optics, photodetector, and signal 
processor. 
volume, a fringe pattern i s  formed by the interference of the two coherent beams. 
As a droplet moves across the measurement volume, i t  scat ters  l i g h t  which i s  
collected and processed by the signal processor. 
in Figure 3, and i s  know as  a Doppler burst. 

A t  the intersection of the two beams, which defines the measurement 

A typical signal i s  also shown 

The Doppler burst i s  made u p  of two components - an AC signal superimposed on 

Droplet s ize  can be determined from the 
a Gaussian "pedestal". 
used t o  determine the droplet 's velocity. 
"vis ibi l i ty"  defined as 

The period of the AC signal and the fringe spacing can be 

L a x  - Imin 

Imax + 'mi n 
Y =  

\ where Imax and Imin are  defined as shown on the figure. I t  turns out t h a t  
\ vis ib i l i ty  i s  a simple function of (D/S) (where D = droplet diameter and  S = 

fringe spacing) over a droplet diameter range of about 1O:l. By changing the 

\ 

\> 

fringe spacing, a different range of droplet diameters can be measured. 

The Atomization Faci l i ty  i s  used t o  characterize the droplet size 
distribution obtained from the same atomizer being used for the combustion t e s t s  
for  each of the CWF's. 
air/fuel ra t io ,  fuel temperature) i s  investigated. Again,  these resul ts  will be 
correlated with the resul ts  from the other areas of investigation. 

1 

1 
A variety of atomization conditions (fuel flow rate ,  

Combusti on 

Combustion tes t s  are  performed in B&W's Basic Combustion Test Unit ( B C T U )  
shown in Figure 4. I t  i s  a water-cooled horizontal furnace w i t h  a nominal f i r ing  
rate  of a b o u t  5 million B t u / h r  when f i r ing pulverized coal. 
chamber i s  cylindrical with a diameter of 4-1/2 feet ,  and i s  8 feet  long. 

The combustion 
I t  i s  
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partially lined w i t h  refractory brick t o  bring flame temperatures more in l ine 
with larger units. 
800°F combustion a i r .  
observations, and provide access for various probes for detailed in-fl ame 
measurements. 

Two separately-fired a i r  heaters are capable of supplying 
A number of viewports mounted on the furnace permit visual 

Coal-water fuel i s  supplied t o  the furnace with a system consisting of a 
500-gallon storage t a n k  equipped with a s t i r r e r ,  a variable-speed 
progressing-cavity pump, and a mass flow meter. An e lec t r ic  heater i s  also 
available for heated CWF tes t s .  A dual-fluid, internal-mix atomizer i s  used t o  
inject  the CWF into the furnace i n  the form of a fine spray. Compressed a i r  i s  
used as  the atomizing fluid. 

The burner being used i s  a research burner having four concentric a i r  zones 
which provide f lex ib i l i ty  in how the a i r  enters the furnace. 
equipped w i t h  devices for  imparting swirl t o  the flow, and another i s  equipped 
with a natural gas burner for  f i r i n g  the furnace a t  ful l  load on natural gas. The 
b u r n e r  i s  also equipped with a bluff body s tab i l izer  for improved ignition 
s tabi l i ty .  

Two of the zones are 

The combustion character is t ics  o f  coal-water fuels must be comprehensively 
studied in order to  achieve EPRI's principle objective -- the establishment of 
specifications for such fuels  with which EPRI can confidently procure the large 
quantities of CWF that  will be needed for future large-scale demonstrations. 
B&W, determining combustion character is t ics  of CWF means performing a standard 
fuel characterization program similar to  many such programs the company has 
performed in the past t o  determine the character is t ics  of other potential boiler 
fuels. Of course, each program m u s t  be tailored t o  f i t  the pecul iar i t ies  of the 
fuel being tested. 

For 

I n  the case of CWF, there a re  a number of important areas in which further 
information i s  needed before these fuels can be demonstrated on a u t i l i t y  boiler. 
Ignition s tab i l i ty ,  the excess a i r  and residence time needed for  good carbon 
uti1 ization, ash hand1 ing and deposition character is t ics ,  flame temperature, a n d  
pollutant formation must a l l  be addressed. And for  the purpose of determining the 
specifications of a CWF boi ler  fue l ,  the way these factors are affected by changes 
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i n  the various CWF properties such as, moisture content, par t ic le  size 
distribution, chemical additives, slurry rheology, and parent coal character is t ics  
must be delineated. 
a l l  of these factors and provide a maximum amount of the needed information. 

I t  i s  the purpose of the combustion t e s t  program t o  address 

Using the BCTU, B&W will re la te  combustion performance in terms of ignition 
s tab i l i ty ,  turndown, excess a i r  requirements, NOx emissions, and carbon b u r n o u t ,  
t o  slurry characteristics such as solids loading, par t ic le  size distribution, 
viscosity vs. shear ra te ,  viscosity vs. time, viscosity vs. temperature, and coal 

type. 
drop, slurry storage and handling character is t ics ,  and qual i ta t ive 
characterization of atomizer wear t o  provide the basis for  recommending a n  
acceptable range of slurry properties to  guide future development work. 

This information will be combined with an evaluation of slurry pressure 
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PRELIMINARY RESULTS 

A t  the time of writing much of the tes t ing has  been completed, b u t  only a 
small fraction of the data has been analyzed. 
results of the ent i re  program i s  therefore n o t  possible. Rather, i t  i s  our 
intention to  present in t h i s  section some examples of the type of resul ts  being 
obtained, and t o  indicate some of the trends t h a t  have been noted thus far .  

A detailed presentation of the 

Fuels Characterization 

ASTM and B&W fuel analysis procedures were applied t o  samples of the parent 

All the CWF's were prepared from 
coals and coal-water mixtures a s  show in Table 1. The resul ts  of selected 
procedures for  the CWF's are  shown in Table 2. 
high volat i le  eastern bituminous coals. Based on the volat i le  content and  burning 
profile of the CWF's, ignition and a stable flame would be expected in a burner 
and furnace designed for similar coals. Other things being equal, ignition and 
flame s tab i l i ty  of CWF's a re  strongly dependent on both volat i le  content and 
atomization quality. 
volat i le  bituminous coals with vola t i le  contents as high a s  possible. 

I t  i s  safe t o  s t a t e  t h a t  CWF should be made from high 

The five CWF's had a wide range of sol ids  contents from 69.3 t o  75.3% and 
Examples of viscosity viscosi t ies  from 510 to  1955 cp (3 100 sec-' shear rate. 

curves (viscosity versus shear r a t e )  will be presented in the discussion of the 
CWF rheology. All the CWF's tes ted were thixotropic (decreasing viscosity with 

increasing shear), while others appeared pseudoplastic (decreasing viscosity with 
increasing shear). 
desirable from a handling and atomizing standpoint. 
responses as a function of temperature. 
w i t h  increasing temperature, while several did the opposite. 

I 

time a t  constant shear), b u t  some appeared d i la tan t  (increasing viscosity with 1 

A slurry which i s  b o t h  thixotropic a n d  pseudoplastic i s  more 
The fuels exhibited different 

The viscosity of several CWF's decreased 

The par t ic le  s ize  dis t r ibut ion (PSD) of the CWF's were n o t  drast ical ly  
different. All the fuels  had a t  l e a s t  98.5% passing 50 mesh (300 microns). All 
the fuels, in general, were coarser than normal pulverized coal ( P C )  which has a 
mass mean diameter of approximately 40 microns. Four of the s lur r ies  contained 



\ 

more f i n e  m a t e r i a l  than normal PC, which has an average Sauter  mean d iameter  o f  15 

microns. Four CWF's had a t  l e a s t  70% o f  t h e  ma te r ia l  l e s s  than 200 mesh (75 
microns).  

Example p a r t i c l e  s i z e  d i s t r i b u t i o n s  a r e  presented i n  a l a t e r  sec t i on .  

I n  general ,  t h e  CWF's had a w ide r  p a r t i c l e  s i z e  d i s t r i b u t i o n  than  PC. 

A l l  t h e  CWF's had s u l f u r  contents  l e s s  than 1%, ash con ten ts  v a r i e d  f rom 1.8 
t o  7.9%. 
decrease ash and s u l f u r  l e v e l s .  The CWF's had almost i d e n t i c a l  dens i t i es .  Four  
o f  t he  s l u r r i e s  had a pH i n  t h e  range o f  7.3 t o  8.6, and t h e  f i f t h  had a pH o f  

6.0. 

Some o f  t h e  c o a l s  used t o  prepare t h e  s l u r r i e s  were b e n e f i c i a t e d  t o  

The f u e l s  were subjected t o  severa l  t e s t s  i n  o rde r  t o  p r e d i c t  t h e  d e p o s i t i o n  

p o t e n t i a l  o f  each. Depos i t i on  p o t e n t i a l  and ash chemist ry  i s  p a r t i c u l a r l y  

impor tan t  because o f  t h e  e f f e c t  on  t h e  s i z e  o f  i n d u s t r i a l  and u t i l i t y  b o i l e r s ,  

furnace heat  re lease  ra tes ,  t h e  des ign o f  hea t  t r a n s f e r  sur face ,  and t h e  number 

and placement o f  b o i l e r  c lean ing  equipment f o r  ash and s l a g  depos i t  removal. 
depos i t i on  p o t e n t i a l  of t h e  pa ren t  c o a l s  and CWF's i s  shown i n  Table 3. 

The 

Slagging p o t e n t i a l  i s  i n d i c a t e d  by Rs va lues (based on  elemental  ash 

a n a l y s i s )  and R v s  va lues (based on ac tua l  s l a g  v i scos i t y / tempera tu re  

r e l a t i o n s h i p ) .  These s lagg ing  indexes i n d i c a t e  t h a t  f u l l - s c a l e  s lagg ing  behavior  
o f  these fue l s  would be l ow  o r  medium. Some impor tan t  observat ions,  however, can 

be noted. S l u r r i e s  A and D showed a s u b s t a n t i a l  increase i n  sodium c o n t e n t  as 

compared t o  t h e  pa ren t  coa l .  The s o f t e n i n g  temperature o f  t h e  CWF's were 230 and 

350°F l ower  than t h e  p a r e n t  coal .  

\ 

F o u l i n g  p o t e n t i a l  i s  i n d i c a t e d  by Rf va lues (based on elemental  ash ana lys i s )  

and s i n t e r i n g  s t r e n g t h  va lues (based on c rush ing  s t r e n g t h  o f  s imu la ted  f u l l - s c a l e  
b o i l e r  f l y  ash produced i n  t h e  LAF). The most impor tan t  obse rva t i on  f rom Table 3 

i s  t h e  increase i n  f o u l i n g  p o t e n t i a l  o f  t h e  CWF's A and 0 compared t o  t h a t  o f  
t h e i r  pa ren t  coals.  S ince i t  has been w e l l  documented t h a t  t h e  sodium con ten t  o f  

a f u e l  p lays  a major  r o l e  i n  i t s  f o u l i n g  behavior,  t h e  severe f o u l i n g  
c l a s s i f i c a t i o n  o f  t h e  two CWF's i s  probably  due t o  t h e  increased sodium content.  

The CWF o f  vendor E a l s o  had a h i g h  f o u l i n g  p o t e n t i a l  based on elemental  ana lys is .  
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The increased d e p o s i t i o n  p o t e n t i a l  o f  two o f  t h e  CWF's and t h e  h igher  

d e p o s i t i o n  p o t e n t i a l  o f  t h e  CWF made from a h i g h l y  b e n e f i c i a t e d  coal  a re  impor tant  

from a u t i l i z a t i o n  p o i n t  o f  view. The type and q u a n t i t y  of chemical a d d i t i v i e s  

used i n  t h e  p repara t i on  o f  t h e  coal -water  f u e l  can have a s i g n i f i c a n t  i n f l u e n c e  on 

the d e p o s i t i o n  c h a r a c t e r i s t i c s .  Whi le the  t o t a l  q u a n t i t y  o f  minera l  ma t te r  i n  the 

coal can be reduced by b e n e f i c i a t i o n ,  t h e  r e l a t i v e  q u a n t i t i e s  o f  chemical elements 
i n  the  remain ing m i n e r a l s  may be a l t e r e d .  Th is  may inc rease  t h e  p o t e n t i a l  f o r  

format ions o f  troublesome, d i f f i c u l t - t o - r e m o v e  b o i l e r  depos i t s  i n  s p i t e  o f  t h e  

lower ash l o a d i n g  du r ing  u t i l i z a t i o n .  

An impor tan t  CWF p r o p e r t y  i s  t h a t  r e l a t e d  t o  the  s e t t l i n g  o f  coal p a r t i c l e s  

under s torage ( s t a t i c )  and t r a n s p o r t a t i o n  (dynamic) cond i t i ons .  F igu res  5 and 6 
show t y p i c a l  s t a t i c  and dynamic t e s t  r e s u l t s  f o r  t h r e e  CWF's (A, B, and D) .  

Several general t rends  can be s t a t e d  based on these f i g u r e s  and o the r  t e s t  
r e s u l t s .  A l l  t h e  f u e l s  e x h i b i t e d  l i t t l e  s e t t l i n g  (based on s o l i d s  con ten t )  o f  the 

l i q u i d  p o r t i o n  of  t h e  sample, b u t  a l l  con ta ined  s e t t l e d  m a t e r i a l  on the  bot tom of 
t h e  conta iner .  

s l u r r y .  

T h i s  m a t e r i a l  was approx imate ly  2 t o  4% of the  t o t a l  weight  o f  

The s e t t l e d  m a t e r i a l  ranged f r o m  a sof t -pack i n  which t h e  s l u r r y  c o u l d  be 

e a s i l y  resuspended t o  a hard-pack which r e q u i r e d  s i g n i f i c a n t  e f f o r t  t o  resuspend. 
The dynamic s t a b i l i t y  o f  t h e  CWF's appear independent o f  frequency (up t o  200 HZ)  
and a c c e l e r a t i o n  (up t o  0.6 G ' s ) .  
t r a n s p o r t a t i o n  agreed w i t h  t h e  c o n d i t i o n  o f  t h e  as-received s l u r r i e s  subjected t o  

ac tua l  t r u c k  t ranspor t .  
and 3 days were a lmost  i d e n t i c a l .  T h i s  would suggest t h a t  t h e  s t a b i l i t y  o f  CWF's 

i s  no t  dependent on the  t r a n s p o r t a t i o n  mode, b u t  can be p r e d i c t e d  from s t a t i c  t e s t  

cond i t i ons .  

amount o f  s e t t l e d  m a t e r i a l  i nc reased  du r ing  a t e s t  p e r i o d  o f  6 weeks. 
e s s e n t i a l l y  no d i f f e r e n c e  i n  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  t he  s l u r r y  

throughout the  sample c o n t a i n e r  i n c l u d i n g  t h e  s e t t l e d  m a t e r i a l  on the  bottom. 

The dynamic t e s t  r e s u l t s  f o r  s imulated t r u c k  

The s t a t i c  and dynamic t e s t  r e s u l t s  f o r  t imes o f  1, 2, 

S t a b i l i t y  was shown t o  be dependent on s torage t ime because t h e  

There was 
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Rheology 

A f i r s t  step i n  the analysis o f  the rheological properties of the various 
CWF's i s  t o  verify t h a t  the pipe flow character is t ics  of these fuels are  
predictable from laboratory viscometer measurements. A viscometer generates a 
"flow curve" relating the r a t e  o f  shear (?)  t o  the shear s t ress  ( T )  applied, o r  
alternatively, t o  the apparent viscosity I ~ ~ ( = T / J )  . Generally, such a curve can 
be used with the equations of motion a n d  continuity t o  predict pressure losses for  
pipe flow. The procedure can be reversed, however, t o  generate a flow curve from 
pipe line pressure drop measurements which can then be compared with the 
vi scometer-generated curve. 

The resul ts  of such a n  analysis for CWF - D are  shown in Figure 7. The sol id  
l i n e  represents the flow curve generated with a rotational viscometer. I t  
indicates a complicated, non-Newtonian, time-dependent rheology. The time 
dependence, as evidenced by his teresis ,  i s  typical of a thixotropic f luid ( i t s  
apparent viscosity drops with time a t  shear). The data points shown in the figure 
are generated from pipeline pressure d rop  da ta .  I t  can be seen that  the two s e t s  
of resul ts  are  in reasonably good agreement. Over the common range of shear rates 
they indicate a f luid whose viscosity increases with increasing shear ra te  ( a  
di la tant  f luid) .  The small difference i n  apparent viscosity between the two 
results i s  probably due to  a s l igh t  difference in water content of the two 
samples, a1 though i t  may be a resul t  of the time-dependent behavior (thixotropy). 
A difference in water content of as l i t t l e  as 0.1 percent could account for  the 
difference. 

I t  can be concluded from these resul ts  t h a t  the flow behavior (pipeline ' 

pressure losses, etc.) o f  t h i s  CWF can be predicted from laboratory viscometer 
measurements and existing non-Newtonian flow models. 
as these will be used extensively to  understand atomization and combustion 
results. 

Rheology t e s t  resul ts  such 
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Atomiza t i on  and Combustion 

Un fo r tuna te l y ,  few r e s u l t s  f rom the  a tomiza t i on  and combustion tasks  are 

a v a i l a b l e  a t  the t ime o f  w r i t i n g .  
been combined i n t o  a s i n g l e  sect ion.  Beyond t h i s  reason, however, t h e  combination 

i s  a n a t u r a l  consequence o f  t h e  i nseparab le  na tu re  o f  t h e  two phenomena. 
become apparent t h a t  t h e  q u a l i t y  o f  a tomiza t i on  has a tremendous i n f l u e n c e  on the 
combustion performance o f  a CWF. 
s tab le,  unass i s ted  i g n i t i o n  o f  t h e  fue l  i s  t o  be obtained. 

d r o p l e t s  ( i n  excess o f  300 m ic rons )  which w i l l  n o t  complete ly  burn, means a lower 
carbon u t i l i z a t i o n  e f f i c i e n c y .  

It i s  p a r t l y  f o r  t h i s  reason t h a t  t h e  two have 

I t  has 

P roduc t i on  o f  very  f i n e  d r o p l e t s  i s  essen t ia l  if 
Product ion o f  l a rge  

It should be apparent f rom the  l a s t  two statements t h a t  d r o p l e t  s i ze ,  and not 

coal p a r t i c l e  s ize,  determines the  s i z e  o f  bu rn ing  p a r t i c l e s  i n  a b o i l e r .  We 

b e l i e v e  t h a t  i s  the case. 

conc lus ion seems unavoidable.  

Even a t  t h i s  e a r l y  stage i n  the  data ana lys i s ,  such a 

I / I  

As an example, cons ide r  t h e  r e s u l t s  shown i n  F igu res  8 ,  9, and 10. F igu re  8 
1 shows d r o p l e t  s i z e  d i s t r i b u t i o n s  f o r  a CWF generated us ing  t h e  Atomizat ion 

F a c i l i t y .  Two curves a re  shown -- one f o r  a CWF f l o w  r a t e  e q u i v a l e n t  t o  f u l l - l o a d  

c o n d i t i o n s  a t  t h e  BCTU ( 4  x 10 B t u / h r ) ,  and t h e  o t h e r  f o r  approx imate ly  
one-quarter o f  t h a t  f low.  Note t h a t  t he  low- load d r o p l e t  s i z e  d i s t r i b u t i o n  i s  

f i n e r  than t h a t  f o r  f u l l  load. T h i s  i s  as expected s ince  t h e  a tomiz ing  a i r  f l o w  

r a t e  was h e l d  cons tan t  f o r  t he  two t e s t s ,  r e s u l t i n g  i n  a h i g h e r  a i r / f u e l  r a t i o  f o r  

t h e  l o w  l oad  cond i t i on .  

(1 

6 

'I 

, 

F igu re  9 shows f l y  ash p a r t i c l e  s i z e  d i s t r i b u t i o n s  c o l l e c t e d  du r ing  t h e  BCTU 

combustion tes ts .  F l y  ash s i z e  f o r  f u l l  l o a d  convent ional  p u l v e r i z e d  coa l  f i r i n g ,  
f u l l  load CWF f i r i n g ,  and lower  l o a d  CWF f i r i n g  a r e  shown. Coal p a r t i c l e  s i z e  

d i s t r i b u t i o n s  f o r  a convent ional  p u l v e r i z e d  coal  and CWF-A are shown i n  F i g u r e  10. 
By comparing t h e  f i g u r e s ,  i t  can be seen t h a t  CWF f i r i n g  a t  f u l l  l o a d  produces a 
coa rse r  f l y  ash than  conven t iona l  p u l v e r i z e d  coa l  f i r i n g ,  w h i l e  f i r i n g  a t  l ow  load  
produces a f i n e r  f l y  ash. Since carbon convers ion i n  t h e  BCTU i s  genera l l y  poorer  

a t  l o w  load  than  a t  f u l l  l o a d  when f i r i n g  p u l v e r i z e d  coa l ,  t he  f i n e r  f l y  ash a t  
l ow  l o a d  must be due t o  a b e t t e r  q u a l i t y  o f  a tomiza t i on  -- which i s  c o n s i s t e n t  

w i t h  t h e  a tomiza t i on  r e s u l t s  presented above. 
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This i s  only one example o f  the kind of information B&W i s  generating as p a r t  
A tremendous amount o f  d a t a  i s  being taken i n  a l l  four areas o f  the EPRI program. 

of investigation, and on a l l  the CWF's. 
information will be available for presentation a t  the National Meeting in  Seattle. 

I t  i s  expected t h a t  much of t h i s  
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Fut 

TABLE 1 

Characterization Tests 

FUEL ANALYSIS PROCEDURE -- 

Tota l  Mo is tu re  
S o l  i d s  Content 
Hardgrove G r i n d a b i l  i t y  

Proximate Ana lys i s  
U l t i m a t e  Ana lys i s  

Higher  Hea t ing  Value 
S u l f u r  Forms 

Ash Fus ion  Temperatures 
Elemental Ash Composi t ion 

Ash S i n e r i n g  S t reng th  
High Temperature Slag V i s c o s i t y  

Burn ing P r o f i l e  
V o l a t i l e  Release P r o f i l e  

BET Sur face Area 
S1 u r r y  Dens i t y  
S1 u r r y  V i s c o s i t y  vs. Temperature 

P a r t i c l e  S i ze  D i s t r i b u t i o n  

0 M i c r o t r a c  

PH 
S l u r r y  S t a b i l i t y  

0 S t a t i c  

0 Dynamic 

PARENT COAL -- 

X 

X 
X 

X 

X 

X 

X 

X 

X 

X 

X 
X 

X 

X 

CWF - 

X 

X 

X 

X 

X 

X 

X 
X 

X 

X 

X 
X 

X 

x 
X 

X 

X 

X 

X 

METHOD - 
ASTM (D3173, D3302) 

ASTM (D3173, D3302) 
ASTM (D409) 

ASTM (D31721 
ASTM (D3176) 

ASTM (02015, D3177) 

ASTM (D24921 

ASTM (Dl8571 
B&W 

B&W 

B&W 

B&W 
0&W 

B&W 
B&W 

B&W 

Y 

B&W 

B&W 

4 B&W 

B&W 

9 4  



TABLE 2 

CWF Properties 

FUEL PROPERTY 

S o l i d s  ( % )  

v i s c o s i t y  ( cp  0 100-1 sec) 

HHV (B tu / l b ,  as rece ived)  
HHV (B tu / l b ,  d r y )  
VM (%, as rece ived)  

VM (%, d ry )  
Ash ( 9 ,  d r y )  
S u l f u r  ( 9 ,  d r y )  

P a r t i c l e  S ize  D i s t r i b u t i o n  

\ 

! 
, 

% < 200 Mesh 
Mass Mean Diameter (mic rons)  

Sauter Mean Diameter (mic rons)  

PH 
Dens i t y  (g /cc )  

A 

75.3 

1955 

10730 
14250 

24.7 

32.8 

7.9 
0.84 

70 
59 

7 

8.6 
1.23 

SLURRY VENDOR 

B 

69.3 

1575 

9910 
14300 

26.5 
38.2 

6.3 
0.87 

78 
44 

9 

7.6 
1.22 

C 

69.4 

1550 

10180 
14670 

24.8 
35.7 

5.9 
0.81 

63 
67 

15 

7.3 
1.20 

D 

69.9 

510 

10180 
14560 

22.9 

32.7 

6.9 
0.77 

78 
48 

8 

8.1 
1.23 

E 

74.9 

520 

11380 
15190 

28.0 
37.4 

1.8 
0.91 

73 
53 

11 

6.0 
1.23 
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Figure 1.  Laboratory Ashing Furnace. 
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Figure 2. Atomization Facility 
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Figure 3. Laser Doppler Velocimeter (LVD) System 
Used to Size Particles by the Visibility 
Technique. 
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Figure 5. Static Stability Test Results. 
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Figure 9. Fly Ash Particle Size Distributions. 

_- 

- PULVERIZED COAI 

20 

16 

I- 

5 p 12 
Y 

8 

4 

0 

103 

10.' 2 4 6 8 l O o  2 4 6 8 1 0 1  2 4 6 8 1 0 2  2 4 6 8 1 0 3  

PARTICLE DIAMETER (MICRONS) 

Figure 10. Particle Size Distributions - Pulverized Coal and CWF - A .  
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PROGRESS IN THE DEVELOPMENT OF A COAL/WATER MIXTURE 
AS A FUEL OIL SUBSTITUTE 

R.  E.  Sommerlad, Vice P r e s i d e n t  
F o s t e r  Wheeler Development Corpora t ion  
1 2  Peach Tree  H i l l  Road 
L i v i n g s t o n ,  New J e r s e y  07039 

R. H. Hickman, Manager 
Mechanical Engineer ing  
Forney Engineer ing Company 
P. 0. Box 189 
Addison, Texas 75001 

N. R. Raskin,  Proposa l  Manager 
Steam Department 
F o s t e r  Wheeler Energy Corpora t ion  
9 Peach Tree  H i l l  Road 
Liv ings ton ,  N e w  J e r s e y  07039 

INTRODUCTION 

Coal /water  m i x t u r e s  (CWM) provide  b o i l e r  and furnace  o p e r a t o r s  with t h e  op- 
p o r t u n i t y  t o  r e p l a c e  n a t u r a l  gas  or o i l  w i t h  c o a l .  L W  c a n  be pumped, s t o r e d ,  
and atomized l i k e  a l i q u i d  f u e l ;  t h u s  i t  h a s  advantages  o v e r  p u l v e r i z e d  c o a l .  
However, u n l i k e  n a t u r a l  gas  o r  o i l ,  c o a l  c o n t a i n s  s i g n i f i c a n t  q u a n t i t i e s  o f  in- 
organic  m a t e r i a l  ( a s h )  which can a d v e r s e l y  i n f l u e n c e  b o i l e r  performance and f u e l -  
handl ing  equipment. Burners  can  be  modi f ied  t o  provide  s a t i s f a c t o r y  i g n i t i o n  and 
flame s t a b i l i t y  c h a r a c t e r i s t i c s  w i t h  CWM and problems a s s o c i a t e d  w i t h  n o z z l e  
l i f e t i m e  can be so lved .  However, t o  s o l v e  problems a s s o c i a t e d  w i t h  ash,  we w i l l  
probably have t o  r e s o r t  t o  c o a l  b e n e f i c i a t i o n ,  d e r a t i n g ,  or both.  Based on 
a v a i l a b l e  d a t a ,  t h e  optimum l e v e l  o f  c o a l  b e n e f i c i a t i o n  cannot  be def ined .  It 
w i l l  be determined from t r a d e - o f f s  among b e n e f i c i a t i o n ,  b u r n e r ,  and b o i l e r /  

\ furnace- re la ted  c o s t s .  

1 CWM i s  c l e a r l y  o u t s i d e  t h e  range  of f u e l  parameters  used t o  des ign  most o i l  
\ and g a s - f i r e d  u n i t s .  Not on ly  are t h e  p h y s i c a l  p r o p e r t i e s  of t h e  f u e l  d i f f e r e n t ,  

b u t  t h e  ash  and s u l f u r  c o n t e n t  of CWM i s  a t  least s e v e r a l  o r d e r s  of  magnitude 
h i g h e r  than  i t  is i n  most o i l  and gas  f u e l s .  The d i f f e r e n c e s  i n  f u e l  p r o p e r t i e s  '\ c a n  c a u s e  problems i n  v i r t u a l l y  every  p o r t i o n  of t h e  f i r i n g  sys tem/furnace .  Fig- 
u r e  1 i l l u s t r a t e s  some o f  t h e s e  problems,  which must be  addressed  and so lved  i f  
CWM i s  t o  be used s u c c e s s f u l l y .  

EFFECTS OF FUEL PROPERTIES 

Fuel  p r o p e r t i e s  and t h e  e x t e n t  of  c o a l  c l e a n i n g  w i l l  a f f e c t  t h e  p o t e n t i a l  
c o s t  of  f i r i n g  CWM i n  b o i l e r s .  Fue l  p r o p e r t i e s  w i l l  a f f e c t :  

Emission of  p o l l u t a n t s  

A v a i l a b i l i t y .  

I g n i t i o n  and s t a b i l i t y  o f  CWM flame 

I g n i t i o n  and Flame S t a b i l i t y  

S a t i s f a c t o r y  i g n i t i o n  and flame s t a b i l i t y  wi th  adequate  turndown r a t i o  a r e  
e s s e n t i a l  t o  t h e  s u c c e s s f u l  use  of CWM. I g n i t i o n  and f lame s t a b i l i t y  a r e  r e l a t e d  
and are  c o n t r o l l e d  by t h e  aerodynamics of t h e  f lame,  h e a t  t r a n s f e r  i n  and o u t  of 
t h e  i g n i t i o n  zone, and f u e l  p r o p e r t i e s .  The most impor tan t  f u e l  p r o p e r t y  i s  vol -  
a t i l i t y .  To achieve  adequate  i g n i t i o n  and flame s t a b i l i t y ,  t h e  c o a l  must be  
hea ted  t o  t h e  p o i n t  where t h e  f u e l  d e v o l a t i l i z e s  and i g n i t e s .  Although water  i n  
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CWM makes i t  more d i f f i c u l t  t o  i g n i t e  t h a n  c o a l s  with less m o i s t u r e ,  n a t u r a l l y  
occcurr ing  c o a l s  and wood bark  w i t h  up t o  60-percent  mois ture  have been success-  
f u l  l y  burned commercia 1 l y  . 

Emissions 

Many o i l -  and g a s - f i r e d  b o i l e r s  a r e  l o c a t e d  i n  areas t h a t  a l r e a d y  have s ig-  
n i f i c a n t  emiss ions  problems. Hence s t e p s  must be  taken  t o  c o n t r o l  p a r t i c u l a t e  
emissions from CWM f i r i n g  which, a l t h o u g h  g r e a t e r  than  from gas  or o i l ,  can be 
adequate ly  c o n t r o l l e d  by e l e c t r o s t a t i c  p r e c i p i t a t o r s  o r  bag f i l t e r s .  

Temperatures i n  CWM-fired b o i l e r s  may b e  somewhat lower t h a n  i n  o i l -  o r  gas- 
f i r e d  b o i l e r s ,  t ending  t o  s u p p r e s s  t h e  f o r m a t i o n  of  thermal  NO,. However, f u e l  
NO, i s  tempera ture  i n s e n s i t i v e ,  and CWM w i l l  have a h i g h e r  f u e l  n i t r o g e n  conten t  
t h a n  o i l  o r  gas .  Thus NO, emiss ions  a r e  expec ted  t o  be  h i g h e r .  NOx c a n  be con- 
t r o l l e d  by a range  o f  techniques .  Burner  and combustion m o d i f i c a t i o n s  have been 
s u c c e s s f u l l y  a p p l i e d  t o  reduce  NOx e m i s s i o n s  when combusting c o a l  t o  l e v e l s  com- 
p a r a b l e  t o  t h o s e  w i t h  o i l  f i r i n g .  

The p o t e n t i a l  f o r  s u l f u r  o x i d e  (SO,) emiss ions  can  be h i g h e r  when f i r i n g  CWM 
t h a n  f o r  o i l  or gas f i r i n g .  Even though most of t h e  c o a l s  cons idered  f o r  CWM 
w i l l  be c leaned  t o  some e x t e n t ,  t h e y  w i l l  be h i g h e r  i n  s u l f u r  t h a n  most o i l s .  
Although SO, can  be c o n t r o l l e d  by f l u e  gas  d e s u l f u r i z a t i o n  (FGD), t h i s  technique  
i s  expensive and t roublesome and is r a r e l y  used on o i l - f i r e d  u n i t s .  The a n t i c i -  
pa ted  low flame tempera tures  i n  t h e  b o i l e r  and i n t i m a t e  mixing of  water i n  CUM 
f i r i n g  o f f e r  p o t e n t i a l  f o r  removing s u l f u r  compounds i n  t h e  furnace  by i n j e c t i o n  
of calcium compounds. Furnace i n j e c t i o n  of  t h e  s o r b e n t  is  much less expens ive  
t h a n  FGD. There i s  a n  a d d i t i o n a l  advantage  t o  t h i s  approach f o r  u s e  wi th  benefi-  
c i a t e d  CWM. For  new, l a r g e  u n i t s ,  F e d e r a l  r e g u l a t i o n s  r e q u i r e  a 90-percent re- 
d u c t i o n  o f  SO, when f i r i n g  h i g h - s u l f u r  c o a l s .  T h i s  l e v e l  of removal cannot  be 
achieved s o l e l y  by s o r b e n t  i n j e c t i o n  i n  a b o i l e r .  However, s u l f u r  removed dur ing  
b e n e f i c i a t i o n  of t h e  c o a l s  i s  c r e d i t e d  toward t o t a l  s u l f u r  removal. Therefore ,  
i f  c a p t u r e  i n  t h e  b o i l e r  can  remove a s i g n i f i c a n t  f r a c t i o n  of t h e  s u l f u r ,  t h e  re- 
q u i r e d  SO, r e d u c t i o n  can be achieved .  

I 
/ 

I 

A v a i l a b i l i t y  

Fuel  p r o p e r t i e s  d e f i n i t e l y  a f f e c t  b o i l e r  a v a i l a b i l i t y .  The p o t e n t i a l  prob- 
l e m s  from f i r i n g  CWM i n  b o i l e r s  des igned  t o  f i r e  o i l  o r  g a s  a r e  worse t h a n  they 
w i l l  be when f i r i n g  i t  i n  b o i l e r s  des igned  f o r  c o a l .  The c o s t  o f  a n  i n o p e r a t i v e  
500-MWe b o i l e r  exceeds $100,00O/day. The down t i m e  of an average  c o a l - f i r e d  
b o i l e r  i n  t h e  United S t a t e s  i s  a lmost  30 days a year--at  a c o s t  of $3 m i l l i o n .  
About 60 p e r c e n t  of  t h e  down t i m e  i s  caused by b o i l e r  problems; ash  c h a r a c t e r -  
i s t i c s - - b o t h  q u a n t i t y  and q u a l i t y  o f  cons t i tuents - -account  f o r  a s i g n i f i c a n t  por- 
t i o n  of t h i s  t i m e .  

Table  1 compares parameters  f o r  gas-, o i l - ,  and c o a l - f i r e d  b o i l e r s .  Heat- 
release r a t e s  and tube-bank v e l o c i t i e s  a r e  s m a l l e r  and tube  s p a c i n g s  i n  t h e  
s u p e r h e a t e r  a r e  g r e a t e r  i n  a c o a l - f i r e d  b o i l e r .  CWM i n t r o d u c e s  more ash ,  which 
can  promote f o u l i n g ,  s l a g g i n g ,  and e r o s i o n  and i t  may c o n t a i n  corrosion-promoting 
materials. 

F i g u r e  1 shows p o t e n t i a l  problem a r e a s  where s l a g g i n g  and f o u l i n g  c a n  occur 
when f i r i n g  c o a l  i n  a u t i l i t y - s i z e  b o i l e r .  
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Table 1 C h a r a c t e r i s t i c s  of  Gas-, O i l - ,  and Coal-Fired B o i l e r s  

D e s c r i p t i o n  - Gas - O i l  Coal 

Furnace Volume, R e l a t i v e  1 1.3 1 .9  

Furnace S u r f a c e  Area, R e l a t i v e  1 1.3 1.7 

Heat Release/Volume 
( lo6  B t u / h . f t * )  

25-50 25-50 10-22 

Heat Release/Cooled S u r f a c e  200 200 70-120 
( l o 6  B t u / h ' f t 2 )  

Tube Bank V e l o c i t i e s  ( f t / s )  120 90 40-70 

Superhea ter  Spacing ( i n . )  2 4-6 8-16+ 

Diff icul t - to-remove s l a g  d e p o s i t s  reduce h e a t  f l u x  through t h e  w a l l ,  in- 
c r e a s i n g  furnace  tempera ture .  T h i s  d e p o s i t / t e m p e r a t u r e  c y c l e  c a n  r e s u l t  i n  
load r e d u c t i o n  or shutdown. 

A s  c o a l  f i r i n g  r a t e s  a r e  increased  t o  provide  h e a t - r e l e a s e  r a t e s  e q u i v a l e n t  
t o  t h o s e  r e q u i r e d  i n  an o i l - f i r e d  b o i l e r ,  s l a g g i n g  may r e s u l t .  The h i g h e r  h e a t -  
r e l e a s e  and h e a t - t r a n s f e r  r a t e s  promote m e l t i n g  of p a r t i c l e s  f l u n g  t o  t h e  w a l l  
above t h e  burners .  T h i s  a c t i o n  reduces  t h e  f u r n a c e  h e a t  e x t r a c t i o n  r a t e ,  a l lows  
h i g h e r  tempera tures  t o  e x i s t  i n  t h e  upper  f u r n a c e ,  and i n c r e a s e s  t h e  p r o s p e c t s  
of  f o u l i n g  t h e  s u p e r h e a t e r .  Consequent ly ,  s l a g g i n g  c o u l d  i n h i b i t  t h e  u s e  o f  CWM 
i n  b o i l e r s  des igned  t o  f i r e  o i l  or gas.  

TESTING 

Hydraul ic  and burner  t e s t i n g  have been performed a t  Forney Engineer ing  Com- 
pany i n  Addison, Texas. A tes t  program i n i t i a t e d  i n  1981 i n  c o l l a b o r a t i o n  w i t h  
a major Uni ted  S t a t e s  CWM vendor inc luded  requi rements  t o  s t o r e ,  pump, t r a n s p o r t ,  
and burn CWM. The h y d r a u l i c  test loop had t y p i c a l  c o n n e c t o r s  and p i p i n g ,  in- 
c l u d i n g  two 10-f t  s e c t i o n s  of  1- and 2-in. Schedule  40 pipe .  The test furnace  
i s  an 8- f t -d ia  c y l i n d r i c a l  furnace  wi th  a water  j a c k e t .  I t  i s  capable  of 70 
x I O 6  Btu/h  f o r  s h o r t  d u r a t i o n s  and up t o  40 x I O 6  Btu/h cont inuous ly .  The 
furnace  system i n c l u d e s  a f o r c e d - d r a f t  f a n  wi th  an i n - l i n e  combustion a i r  h e a t e r  
(gas  f i r e d ) ,  a s team g e n e r a t o r  f o r  a tomiz ing  steam, a n  a i r  compressor f o r  a t o -  
mizing a i r ,  and an i g n i t o r  system t h a t  u s e s  No. 2 o i l  or n a t u r a l  gas .  The 
windbox can  b e  e a s i l y  d isconnec ted  from t h e  f u r n a c e  and a i r  d u c t  t o  f a c i l i t a t e  
changing c o n f i g u r a t i o n s .  

S e v e r a l  pumps were t e s t e d .  Diaphram and vane t y p e s  were t roublesome,  
wi th  d i s c h a r g e  p u l s a t i o n s  and accumulat ions i n  t h e  l i q u i d  end. The p r o g r e s s i v e  
c a v i t y  pump was t h e  most s u c c e s s f u l  b u t  r e q u i r e d  s p e c i a l  c a r e  d u r i n g  extended 
p e r i o d s  of  shutdown. 
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Based on CWM p r o p e r t i e s ,  t h e  f o l l o w i n g  needs were i d e n t i f i e d  f o r  burner  t i p  
des ign:  

Rapid mixing of t h e  air  and f u e l  t o  d r y  and i g n i t e  t h e  c o a l  i n  t h e  primary re- 
c i r c u l a t i o n  zone. 

A s t r o n g  r e c i r c u l a t i o n  zone maintained t o  c r e a t e  a h i g h l y  r a d i a n t  burning zone 
i n  t h e  burner  t h r o a t  t o  d r y  t h e  c o a l .  

No flame c o n t a c t  on any b u r n e r  p a r t  because of  a n t i c i p a t e d  s l a g g i n g  problems. 

Convent ional  burner  p a r t s  f o r  e a s e  i n  r e t r o f i t  a p p l i c a t i o n s .  

FoKney h a s  s e v e r a l  commercial burner  des igns  f o r  v a r i o u s  a p p l i c a t i o n s :  

P a r a l l e l  A i r  Flow (PAF) 

- F a s t  mixing 

- Low e x c e s s  a i r  a p p l i c a t i o n s  

Rota t ing  A i r  R e g i s t e r  (RAR): 
Highly t u r b u l e n t  

o Variab le  Flame P a t t e r n  (VFP): V a r i a t i o n  of PAF wi th  flame-shaping a b i l i t y  
with r o t a t i o n a l  secondary a i r  r e g i s t e r .  

H i s t o r i c a l l y ,  Y - j e t  (YJ)  and i n t e r n a l  mix (IM) a tomizers  had been success-  I 

f u l l y  used w i t h  h igh-gravi ty  f u e l s .  We a t tempted  t o  adopt  t h e  b a s i c  f e a t u r e s  of  

t h a n  i n d i v i d u a l  o r i f i c e s .  Concepts  f o r  bo th  a tomizer  t i p s ,  shown i n  F i g u r e  2 ,  
have been pa ten ted .  

each  i n  two d i f f e r e n t  a tomizer  designs--both i n c o r p o r a t i n g  a c o n i c a l  plug r a t h e r  i l  

A f t e r  a m a t r i x  o f  tests i n c l u d i n g  Y J  and I M  a tomizers  i n  RAR and VFP a i r  
r e g i s t e r s ,  t h e  fo l lowing  requi rements  were noted:  

Burner  with two a i r f l o w  p a t h s  wi th  the primary p a t h  having  a r o t a t i o n a l ,  low 
f low 

8 Secondary a i r f l o w  wi th  h igh  s w i r l  t o  provide  t h e  r e c i r c u l a t i o n  zone 

Means o f  provid ing  a h i g h l y  r a d i a n t  zone a t  burner  e x i t .  

These c o n s i d e r a t i o n s  were inc luded  i n  t h e  d e s i g n  shown i n  F i g u r e  3. Thia  
p a t e n t e d  design provides  d u a l  v e l o c i t i e s  and two-throat c o n f i g u r a t i o n  t o  m a i n t a i n  
a r a d i a n t  zone a t  t h e  burner  e x i t .  A series of  t es t s  were s u c c e s s f u l l y  conducted 
under  t h e  usua l  burner  performance parameters .  
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BOILER DESIGN VS. CONVERSION POTENTIAL 

Designs of e x i s t i n g  u t i l i t y  steam g e n e r a t o r s  vary  s u b s t a n t i a l l y  depending 
upon t h e  o r i g i n a l  des ign  f u e l .  Genera l ly ,  t h e  pressure-par t  arrangement of  a 
b o i l e r  can  be c l a s s i f i e d  a s  one of  t h e  fo l lowing  types :  

0 Category A Unit--Two pass  (Coal/Oil-Gas) 

0 Category B Unit--Two pass  (Oi l /Gas)  

0 Category C Unit-- Box type  (Oil /Gas o r  Gas o n l y ) .  

The d e s i g n  c o n f i g u r a t i o n  of each type  of u n i t  g r e a t l y  a f f e c t s  i t s  convers ion  
p o t e n t i a l  i n  terms of  both c a p i t a l  e x p e n d i t u r e  and d e r a t i n g  requi rements .  Fig- 
u r e  4 shows a comparison of u n i t  c o n f i g u r a t i o n s  t h a t  w i l l  be  d i s c u s s e d .  

Category A Unit-- Two Pass  (Coal/Oil-Gas) 

Design Fea tures .  This  type  u n i t  i s  c h a r a c t e r i z e d  by a generous ly  s i z e d  fur -  
nace  ( i . e . ,  l a r g e  p l a n  a r e a  and a s u b s t a n t i a l  d i s t a n c e  from t h e  burner  zone t o  
t h e  f i r s t  v e r t i c a l  r a d i a n t  s u r f a c e  a t  t h e  f u r n a c e  e x i t ) .  These f e a t u r e s  r e s u l t  
i n  a s u f f i c i e n t  r a d i a n t  a b s o r p t i o n  i n  t h e  furnace  a r e a ,  which lowers  t h e  furnace  
e x i t  gas  tempera ture  e n t e r i n g  t h e  v e r t i c a l  convec t ion  s e c t i o n s ,  t h u s  l i m i t i n g  
s l a g  formation.  Also  t y p i c a l  o f  t h i s  t y p e  of  u n i t  is a lower f u r n a c e  hopper 
s l o p e  of at l e a s t  45 t o  50 deg and a hopper  t h r o a t  opening of  approximately 3 t o  
4 f t ,  both of which f a c i l i t a t e  bottom ash  c o l l e c t i o n  and removal. The horizon-  
t a l  convec t ion  p a s s e s  of  a Category A s team g e n e r a t o r  are des igned  wi th  adequate  
tube-to- tube c l e a r  spac ing  t o  p r o h i b i t  f o u l i n g  and p o s s i b l e  p lugging  and t o  alle- 
v i a t e  excess ive  f l u e  gas  v e l o c i t i e s  and a s s o c i a t e d  t u b e  e r o s i o n  p o s s i b i l i t i e s .  

T h i s  type  of u n i t  was o r i g i n a l l y  in tended  f o r  burn ing  
c o a l  a s  i t s  primary f u e l .  Therefore ,  it should achieve  f u l l  load  output  i f  re- 
conver ted  t o  a s i m i l a r  type  o f  c o a l  o r  a CWM. The c a p i t a l  expense of t h e  b o i l e r  
p o r t i o n  of t h e  convers ion  would be l i m i t e d  t o  re furb ishment  of o r i g i n a l  equip-  
ment, normal maintenance,  and p o l l u t i o n  c o n t r o l  upgrading,  i f  requi red .  

Conversion P o t e n t i a l .  

Category B Unit-- Two Pass  (Oil /Gas)  

Design Fea tures .  The Category B c l a s s i f i c a t i o n  i n c l u d e s  t h o s e  steam genera-  
t o r s  w i t h  a furnace  c o n f i g u r a t i o n  s i m i l a r  t o  t h a t  of  a Category A u n i t  b u t  w i t h  
a less c o n s e r v a t i v e  convec t ion  pass  arrangement .  T h i s  t y p e  of u n i t  was o r i g i -  
n a l l y  designed f o r  o i l  o r  g a s  f i r i n g .  The s i m i l a r i t i e s  i n  furnace  arrangement 
when compared wi th  t h e  u n i t  p rev ious ly  d i s c u s s e d  are r e a d i l y  apparent .  Gener- 
a l l y ,  t h e  furnace  of  a Category B steam g e n e r a t o r  is  smaller t h a n  t h a t  of  a 
Category A steam g e n e r a t o r .  S p e c i f i c a l l y ,  t h e  former has  a lower furnace  hopper 
s l o p e  and opening and t h e  f u r n a c e  p lan  a r e a  i s  n o t  a s  c o n s e r v a t i v e .  However, 
t h e  o v e r a l l  furnace  d e s i g n  f o r  t h i s  type  o f  u n i t  i s  conducive t o  t h e  f i r i n g  of 
an ash-laden f u e l .  F o r  t h i s  reason ,  based s o l e l y  on furnace  d e s i g n  c r i t e r i a ,  
a Category B u n i t  i s  a v i a b l e  c a n d i d a t e  f o r  convers ion  t o  pulver ized-coa l  o r  CWM 
f i r i n g  wi th  minimal o r  no u n i t  d e r a t i n g .  
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However, t h e  convec t ion  pass  arrangement  i n  t h i s  u n i t  can p r e s e n t  s e v e r a l  
major o b s t a c l e s  when c o n v e r t i n g  t o  c o a l  or a coa l -der ived  f u e l .  The c l e a r  spac-  
ings between t u b e  s e c t i o n s  o f  a Category B u n i t  a r e  less than  t h o s e  of s Cate- 
gory A u n i t .  I f  such a u n i t  were t o  f i r e  c o a l  or a coa l -der ived  f u e l ,  e x c e s s i v e  
f o u l i n g  or e r o s i o n  of  t h e  t u b e s  could  r e s u l t ,  s i n c e  t h e  f l u e  gas  tempera ture  and 
v e l o c i t y  of t h e  u n i t  would exceed t h e  a c c e p t a b l e  v a l u e s  €or o i l  f i r i n g .  To de- 
c r e a s e  f l u e  gas  tempera tures  and v e l o c i t i e s  so t h a t  t h e  p o t e n t i a l  f o r  f o u l i n g  or 
e r o s i o n  o f  e x i s t i n g  convec t ion  pass  t u b e  banks can  be  reduced, t h e  maximum u n i t  
load must be  r e s t r i c t e d .  These  d e s i g n  c o n s t r a i n t s  a r e  d i r e c t l y  r e l a t e d  t o  t h e  
f u e l  b e i n g  cons idered ,  p a r t i c u l a r l y  t h e  q u a n t i t y  and q u a l i t y  of i t s  ash.  There- 
f o r e ,  as might be expec ted ,  t h e  d e r a t i n g  requi rements  f o r  c o a l  and CWM vary .  

Conversion Potent ia l - -Coal .  Coal i n h e r e n t l y  has  t h e  h i g h e s t  a s h  c o n t e n t  of 
t h e  f u e l s  be ing  cons idered  and w i l l  a l s o  e x h i b i t  t h e  h i g h e s t  furnace  e x i t  g a s  
tempera ture  f o r  any p a r t i c u l a r  b o i l e r  load and furnace  s i z e .  Consequent ly ,  
t h e  p o t e n t i a l  f o r  convec t ion  p a s s  f o u l i n g  and t u b e  e r o s i o n  can restrict  t h e  max- 
imum a l lowable  o u t p u t  t o  approximate ly  70 p e r c e n t  of t h e  d e s i g n  r a t i n g  of a 
Category B Unit .  This  d e r a t i n g  requi rement  c a n  o f t e n  be minimized or e l i m i n a t e d  
through s u b s t a n t i a l  p r e s s u r e - p a r t  m o d i f i c a t i o n .  As i n d i c a t e d  previous ly ,  t h e  
furnace  of  such a u n i t  i s  normally c a p a b l e  o f  s u p p o r t i n g  f u l l  ou tput  w h i l e  f i r i n g  
c o a l ,  and t h u s  m o d i f i c a t i o n s  t o  t h e  f u r n a c e  (which would be p r o h i b i t i v e l y  expen- 
s i v e )  would g e n e r a l l y  not  be r e q u i r e d .  

Conversion Potential--CWM. Because of t h e  ash  and s u l f u r  r e d u c t i o n s  t h a t  
occur  dur ing  t h e  f u e l  p r e p a r a t i o n  p r o c e s s ,  a Category B u n i t  c a n  b e  conver ted  t o  
CWM f i r i n g  wi th  less d e r a t i n g  t h a n  would be r e q u i r e d  wi th  c o a l .  Reduct ions i n  
a s h  (approximately 70 t o  90 p e r c e n t )  and s u l f u r  (50  t o  70 p e r c e n t )  a r e  p o s s i b l e  
d u r i n g  CWM b e n e f i c i a t i o n .  Fur thermore ,  t h e  a s h  f u s i o n  tempera tures  o €  a benef i -  
c i a t e d  CWM are 100 t o  200’F h i g h e r  t h a n  t h o s e  o f  t h e  p a r e n t  c o a l .  

Consequently, h i g h e r  f u r n a c e  e x i t  gas  tempera tures  a r e  a l l o w a b l e  when f i r i n g  
CWM as opposed t o  c o a l .  In a Category B b o i l e r ,  h i g h e r  tempera tures  t r a n s l a t e  
t o  a n  a l lowable  load of  approximate ly  80 t o  90 percent  of f u l l  u n i t  o u t p u t .  
Again, convect ion pass  p r e s s u r e - p a r t  m o d i f i c a t i o n s  could  p o s s i b l y  r e s t o r e  such a 
u n i t  t o  f u l l  l o a d  c a p a b i l i t y  while f i r i n g  a CWM. 

Category C Unit--Box Type (Oil /Gas or Gas Only) 

A Category C u n i t  could be  s u b j e c t  t o  a c o n s i d e r a b l e  d e r a t i n g  i f  conver ted  
t o  c o a l  or CWM. The h o r i z o n t a l  convec t ion  passes  o f  such a u n i t  have closer 
tube-to- tubeside spac ings  than  t h o s e  of e i t h e r  C a t e g o r i e s  A or B b o i l e r s .  The 
most c r i t i c a l  d i s p a r i t y  l i e s  i n  the f u r n a c e  des ign .  A Category C u n i t  has  l i t t l e  
or no p r o v i s i o n  for a s h  c o l l e c t i o n  or removal, and t h e  furnace  is inadequate ly  
s i z e d  t o  reduce t h e  p o t e n t i a l  f o r  s l a g g i n g  a s s o c i a t e d  w i t h  c o a l  f i r i n g .  The hop- 
p e r  s l o p e  i s  very  sha l low (or  n o n e x i s t e n t ) ,  and t h e  lower furnace  t h r o a t  opening 
( i f  any) i s  minimal. Burner s p a c i n g s  are g e n e r a l l y  c l o s e ,  and t h e  d i s t a n c e  from 
t h e  lowes t  burner  l e v e l  t o  t h e  hopper  knuckle  (or t o  t h e  furnace  f l o o r )  is gen- 
e r a l l y  inadequate .  Both of  t h e s e  f e a t u r e s  r e s u l t  i n  a high furnace  s l a g g i n g  
p o t e n t i a l .  However, t h e  most c r i t i c a l  d e s i g n  l i m i t a t i o n  i n  e v a l u a t i n g  t h e  con- 
v e r s i o n  o f  a Category C u n i t  t o  f i r i n g  c o a l  or a coal-der ived f u e l  i s  t h e  inade-  
q u a t e  f u r n a c e  p l a n  a r e a .  M o d i f i c a t i o n s  t o  t h e  furnace  hopper and burner  p a t t e r n  
i n  many c a s e s  prove f e a s i b l e  and c a n  minimize d e r a t i n g .  This  is a l s o  o f t e n  t h e  
c a s e  w i t h  respac ing  of  t h e  convec t ion  p a s s e s ,  as was i n d i c a t e d  i n  t h e  prev ious  
d i s c u s s i o n  concerning a Category B u n i t .  
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However, furnace  p l a n  a r e a  enlargement  i s  not  f e a s i b l e  e i t h e r  p h y s i c a l l y  O r  
economical ly .  Thus t h e  d e r a t i n g  f o r  a Category C u n i t  i s  more s e v e r e  than  t h a t  
a s s o c i a t e d  with t h e  prev ious ly  d i s c u s s e d  b o i l e r  des igns .  Moreover, p ressure-par t  
modi f ica t ions ,  w i t h i n  t h e  realm of  t e c h n i c a l  and economic f e a s i b i l i t y ,  cannot  a l -  
l e v i a t e  t h e s e  load r e s t r i c t i o n s .  

Conversion P o t e n t i a l .  T y p i c a l l y ,  convers ion  of a Category C u n i t  t o  f i r i n g  
pulver ized  coa l  would i n v o l v e  a d e r a t i n g  t o  50 t o  60 percent  of d e s i g n  output  be- 
cause  o f  furnace and convec t ion  pass  d e s i g n  l i m i t a t i o n s  p r e v i o u s l y  i d e n t i f i e d .  
CUM p r e s e n t s  t h e  b e t t e r  convers ion  a l t e r n a t i v e  f o r  a Category C u n i t .  Because o f  
t h e  a s h  and s u l f u r  r e d u c t i o n  t h a t  o c c u r s  d u r i n g  t h e  f u e l  p r e p a r a t i o n  process ,  
s l a g g i n g  and f o u l i n g  p o t e n t i a l  i s  c o n s i d e r a b l y  reduced.  Even so, u n i t  ou tput  may 
be r e s t r i c t e d  t o  approximately 70 t o  80 p e r c e n t  of  d e s i g n  r a t i n g .  

Table  2 presents  a summary of  t h e  t y p i c a l  f e a s i b l e  u n i t  d e r a t i n g s  f o r  c o a l  and 
CWM and f o r  each type  b o i l e r .  

Table  2 Maximum Allowable Load, 4, 

Category 

A B C - - Fuel  

Coal 100 70 50 - 60 

CWM 100 80 - 90 70 - 80 

Balance-of-Plant C o n s i d e r a t i o n s  

The u t i l i z a t i o n  o f  e i t h e r  c o a l  o r  CWM i n  a b o i l e r  f u e l  convers ion  p r o j e c t  
s i g n i f i c a n t l y  a f f e c t s  t h e  r e q u i r e d  balance-of-plant  equipment ,  impact ing both  t h e  
c a p i t a l  c o s t  of t h e  convers ion  and t h e  s i t e  requi rements .  Each of  t h e  f u e l s  
s t u d i e d  has  been examined i n  terms o f  t h e  balance-of-plant  c o n s i d e r a t i o n s  a r i s i n g  
from a p o t e n t i a l  convers ion  p r o j e c t .  The scope and c o s t s  of  such equipment v a r y ,  
depending on t h e  o r i g i n a l  d e s i g n  f u e l  f o r  each s p e c i f i c  u n i t .  

Balance-of-plant  c o n s i d e r a t i o n s  must ,  a t  t h e  very  l eas t ,  inc lude :  

0 Refurbishment o f  coa l -handl ing  equipment ( i f  i t  e x i s t s )  

0 Fuel  handl ing  

0 Land requi rements  ( c o a l  yard  and a s h  d i s p o s a l )  

0 Fan systems 

I 
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e Ash c o l l e c t i o n ,  s t o r a g e ,  and removal systems 

F l y  ash c o l l e c t i o n  

0 FGD system. 

Compared wi th  t o t a l  p l a n t  convers ion  c o s t s ,  b o i l e r / i s l a n d - r e l a t e d  work i s  
approximately 10 t o  20 p e r c e n t  of  t h e  t o t a l  p r o j e c t  c o s t .  However, t h e  steam 
g e n e r a t o r  remains t h e  primary c o n s i d e r a t i o n  f o r  p o t e n t i a l  d e r a t i n g .  

ECONOMICS OF CONVERSION 

An e v a l u a t i o n  of t h e  c a p i t a l  expenses  vs .  t h e  f u e l  sav ings  of a p o t e n t i a l  
convers ion  p r o j e c t  i s  unique  t o  t h e  s team g e n e r a t o r  under c o n s i d e r a t i o n .  Some 
genera l  o b s e r v a t i o n s  r e g a r d i n g  t h e  e f f e c t  of  b a s i c  u n i t  d e s i g n  c r i t e r i a  and s i te  
c o n s i d e r a t i o n s  have been d i s c u s s e d .  Such g e n e r a l i t i e s  a r e  not  p o s s i b l e  regard ing  
t h e  s p e c i f i c  economics of a convers ion .  To provide  a n  i n d i c a t i o n  of t h e s e  eco- 
nomics, a s p e c i f i c  u n i t  h a s  been s e l e c t e d  as a t e s t  c a s e  f o r  comparison of con- 
v e r s i o n  t o  c o a l  o r  CUM. The a n a l y s i s  is s p e c i f i c  t o  t h a t  u n i t  bu t  t h e  methods 
w i l l  be common t o  any c o n v e r s i o n  p r o j e c t .  

The s e l e c t e d  Category B steam g e n e r a t o r  i s  a n a t u r a l - c i r c u l a t i o n ,  balanced-  
d r a f t ,  r e h e a t  u n i t  u t i l i z i n g  a p a r a l l e l  pass  gas  f low arrangement. The u n i t ,  
o r i g i n a l l y  des igned  t o  f i r e  o i l  as t h e  primary f u e l ,  could be  conver ted  t o  c o a l  
f i r i n g  i n  t h e  f u t u r e ,  because  of  t h e  r e l a t i v e l y  l a r g e  f u r n a c e  p l a n  a r e a ,  t h e  
l a c k  of lower f u r n a c e  r a d i a n t  s u p e r h e a t e r  s u r f a c e ,  and t h e  presence  of  a lower 
furnace  hopper  wi th  an adequate  a n g l e  of s lope .  

As discussed  earlier a u n i t  of t h i s  type--even wi th  t h e s e  d e s i g n  fea tures - -  
r e q u i r e s  some p r e s s u r e - p a r t  m o d i f i c a t i o n  t o  achieve  f u l l  load output  i f  con- 
v e r t e d  t o  c o a l  o r  CWM f i r i n g .  In t h i s  i n s t a n c e ,  t h e s e  m o d i f i c a t i o n s  c o n s i s t  o f :  

0 Some h o r i z o n t a l  convec t ion  s u r f a c e  respac ing  

e An upper furnace  r a d i a n t  s u p e r h e a t e r  i n s t a l l a t i o n  ( t o  reduce  furnace  e x i t  gas  
temper a t  u r  e ) 

e Burner  respacing.  

The c o s t  of  t h e s e  i t e m s ,  a l t h o u g h  h igh ,  is not  s u b s t a n t i a l  when compared 
wi th  t o t a l  p r o j e c t  c o s t s  o r  wi th  t h e  c o s t  of replacement  power purchased i n  t h e  
event  of  a d e r a t i n g .  

Table  3 summarizes an economic e v a l u a t i o n  of t h e  convers ion  a l t e r n a t i v e s  
be ing  considered.  S e v e r a l  c o n c l u s i o n s  are e v i d e n t  from a d e t a i l e d  review o f  t h e  
t a b l e :  

0 A s  i n d i c a t e d  p r e v i o u s l y ,  t h e  c o s t  o f  t h e  b o i l e r  m o d i f i c a t i o n s  necessary  t o  
avoid d e r a t i n g  of a u n i t  o f  t h i s  t y p e  i s  approximately 10 percent  o f  t o t a l  
convers ion  c o s t s  and i s  t h u s ,  i n  t h i s  c a s e ,  economical ly  j u s t i f i a b l e .  
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0 Both f u e l s  present  v i a b l e  convers ion  o p t i o n s ,  even i f  on ly  50 p e r c e n t  of  t h e  
accrued  f u e l  sav ings  a r e  recoverable  toward payback of  c a p i t a l  inves tment .  

The t o t a l  c a p i t a l  c o s t  of a convers ion  t o  p u l v e r i z e d  c o a l  i s  s i g n i f i c a n t l y  
h i g h e r  than  convers ion  t o  CWM, p r i m a r i l y  because o f  t h e  expense of a c o a l  
yard.  

Based on t h e  comparison of  benef i t - to -cos t  r a t i o s  of t h e  convers ion  f u e l s  con- 
s i d e r e d ,  CWM i s  t h e  more economical ly  j u s t i f i a b l e  convers ion  o p t i o n .  

e 

F o s t e r  Wheeler and i t s  fami ly  of  companies i s  d e d i c a t e d  t o  t h e  commercial- 
i z a t i o n  o f  CWM a s  a b o i l e r  f u e l ,  a s  evidenced by our  p a r t i c i p a t i o n  i n :  

0 B o i l e r  conversion d e s i g n  s t u d i e s  

e Burner  development 

e 

0 Fuel-product ion p l a n t  d e s i g n  

0 Small  u t i l i t y  convers ion  demonst ra t ion .  

Cos1 c l e a n i n g  and s l u r r y  p r e p a r a t i o n  

F o s t e r  Wheeler  v i e w s  CUM a s  o n e  o f  t h e  most  p r o m i s i n g  a l t e r n a t i v e s  t o  
f o r e i g n  o i l  dependence w h i l e  u s i n g  one of t h e  most abundant r e s o u r c e s  a v a i l a b l e  
i n  t h e  Western Hemisphere. 

\ 
\ 

1 

Figure I P o t e n t i a l  Problem Area. i n  R e c r o f i t t m g  an Oil-Pired Furnace t o  CUP F i r i n g  
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Table  3 Conversion Economics E v a l u a t i o n  

Fue 1 

Annual Fuel  Cos ts  

Annual F u e l  Savings 
(vs .  O i l )  

Recoverable  P o r t i o n  
of Savings  

L e v e l i z e d  Annual 
P r e s e n t  Worth of  
Recoverable  Savings  

C a p i t a l  Equiva len t  of 
Recoverable  Savings  

Conversion Cos ts  
Fuel  System 

B o i l e r  M o d i f i c a t i o n  

Ash Systems 

FGD System 

Tot  a1  
(W/O FGD) 

$ M i l l i o n  

Coal CWM 

39.1 70.1 

61.4 36.4 

3 3 . 1  18.2 

51.9 28.1 

259.5 140.5 

96.4 9 .3  

4.7 2.3 

18.4 16.2 

41.7 41.7 

161.2 69 .5  
(119.5) (27.8) 

C a p i t a l  Payback P e r i o d ,  y e a r s  3.1 
(W/O FGD) (2 .3)  

Benef it-to-Cos t Rat i o  
(W/O FGD) 

2 .5  
(1.0) 

1.6:1 2 : l  
( 2 . 2 : l )  ( 5 . 1 : l )  
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Symposium on Shape S e l e c t i v e  C a t a l y i s  and Syn thes i s  G a s  Chemistry. 

The Fuels  Div is ion  of t h e  American Chemical S o c i e t y  would l i k e  t o  
acknowledge t h e  generous f i n a n c i a l  suppor t  of t h e  fo l lowing  
i n s t i t u t i o n s  and co rpora t ions :  

A i r  P roducts  and Chemicals Inc .  
?unoco O i l  Company 
Chevron Research Company 
E. I. duPont de Nemours and Company 
Exxon Corpora t ion  
Mobil O i l  Corpora t ion  
Petroleum Research Fund 
P h i l l i p s  Petroleum Company 
S t r e m  Chemicals, Inc .  
Union Carbide Corporation 
W. R. Grace and Company 

1 

t 

\ 

115 



SHAPE-SELECTIVE CATALYSIS I N  ZEOLITES 

Sigmund M .  C s i c s e r y  

Chevron R e s e a r c h  Company, Richmond, C a l i f o r n i a  94802 

I n t r o d u c t i o n  

Z e o l i t e s  have f o u r  p r o p e r t i e s  t h a t  make them e s p e c i a l l y  i n t e r e s t i n g  f o r  
he te rogeneous  c a t a l y s i s :  (1) t h e y  have  exchangeable  c a t i o n s ,  a l lowing  
t h e  i n t r o d u c t i o n  of c a t i o n s  w i t h  v a r i o u s  c a t a l y t i c  p r o p e r t i e s ;  ( 2 )  if 
t h e s e  c a t i o n i c  s i t e s  a re  exchanged t o  H , t h e y  can have a v e r y  h igh  
number of v e r y  s t r o n g  a c i d  s i t e s ;  ( 3 )  t h e i r  p o r e  d i a m e t e r s  a r e  l e s s  
t h a n  1 0  8 ;  and ( 4 )  t h e y  have  p o r e s  w i t h  one o r  more d i s c r e e t  s i z e s .  
These l a s t  two a c c o u n t  f o r  t he i r  m o l e c u l a r  s i e v i n g  p r o p e r t i e s .  
Z e o l i t e s  have  been a p p l i e d  as c a t a l y s t s  s i n c e  1960.  

Pore d i a m e t e r s  i n  m o l e c u l a r  s i e v e s  depend on t h e  number of t e t r a h e d r a  
i n  a r i n g  ( F i g u r e  1 ) .  The a c t u a l  p o r e  s i z e  a l s o  depends on t h e  type of 
c a t i o n  p r e s e n t .  Molecules  l i k e  ammonia, hydrogen,  oxygen, and argon 
can go t h r o u g h  t h e  p o r e s  o f  p r a c t i c a l l y  e v e r y  t y p e  of m o l e c u l a r  
s i e v e .  Type "A" s i e v e s  have  c u b i c  s t r u c t u r e  w i t h  p o r e s  j u s t  about  b i g  
enough t o  a l l o w  normal  p a r a f f i n s  through.  C a t i o n s ,  however, occupy 
p o s i t i o n s  which b l o c k  p a r t  of t h e  p o r e s .  Monovalent c a t i o n s  ( e . g . ,  
sodium, p o t a s s i u m )  r e s t r i c t  t h e  p o r e  s i z e  t o  below %4 1. None of t h e  
o r g a n i c  m o l e c u l e s  ( e x c e p t  methane)  would b e  a b l e  t o  p e n e t r a t e  N a A ,  o r  
L I A  z e o l i t e s .  D i v a l e n t  c a t i o n s ,  however, occupy o n l y  e v e r y  o t h e r  
c a t i o n i c  p o s i t i o n  l e a v i n g  enough s p a c e  for normal p a r a f f i n s  t o  d i f f u s e  
through.  I s o b u t a n e  i s  s l i g h t l y  w i d e r  t h a n  t h e  p o r e s  of CaA s o  cannot  
e n t e r .  However, m o l e c u l e s  w i th  nominal  d imens ions  of p e r h a p s  h a l f  an 
angstrom t o o  large can  make t h e i r  ways t h r o u g h  nar rower  p o r e s  t h a n  
expec ted  because  m o l e c u l a r  v i b r a t i o n  a l l o w s  them t o  w i g g l e  through.  I n  
a d d i t i o n ,  bond c l e a v a g e ,  f o l l o w e d  by r e c o n s t r u c t i o n  of t h e  broken bond, 
could  f a c i l i t a t e  t h e  d i f f u s i o n  of l a r g e r  m o l e c u l e s  through narrow p o r e s  
(1). 

-k 

If a lmost  a l l  of t h e  c a t a l y t i c  s i t e s  are c o n f i n e d  w i t h i n  t h i s  pore  
s t r u c t u r e  and i f  t h e  p o r e s  a r e  small, t h e  f a t e  of r e a c t a n t  molecules  
and t h e  p r o b a b i l i t y  of f o r m i n g  p r o d u c t  m o l e c u l e s  are  de termined  most ly  
by m o l e c u l a r  d imens ions  and c o n f i g u r a t i o n s .  Only molecules  whose 
dimensions are  less  t h a n  a c r i t i c a l  s i z e  can  e n t e r  the p o r e s ,  have 
a c c e s s  t o  i n t e r n a l  c a t a l y t i c  s i t e s ,  and r e a c t  t h e r e .  Fur thermore ,  on ly  
molecules  t h a t  can  l e a v e  a p p e a r  i n  t h e  f i n a l  p r o d u c t .  

Types of Shape S e l e c t i v i t i e s  

We can d i s t i n g u l s h  v a r i o u s  t y p e s  of shape  s e l e c t i v i t i e s ,  depending on 
whether  p o r e  s ize  l i m i t s  t h e  e n t r a n c e  of t h e  r e a c t i n g  m o l e c u l e ,  o r  t h e  
d e p a r t u r e  of t h e  p r o d u c t  m o l e c u l e ,  o r  t h e  f o r m a t i o n  of c e r t a i n  t r a n s i -  
t i o n  s t a t e s .  

R e a c t a n t  s e l e c t i v i t y  o c c u r s  when o n l y  p a r t  of t h e  r e a c t a n t  
m o l e c u l e s  a re  small enough t o  d i f f u s e  through t h e  c a t a l y s t  
p o r e s  ( F i g u r e  2 ) .  
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Product selectivity occurs when some of the product formed 
Within the pores are too bulky to diffuse out as observed 
products. They are either converted to less bulky molecules 
(e.g., by equilibration) o r  eventually deactivate the cata- 
lyst by blocking the pores (Figure 2 ) .  

Restricted transition state selectivity occurs when certain 
reactions are prevented because the corresponding transition 
state would require more space than available in the cav- 
ities. Neither reactant nor potential product molecules are 
prevented from diffusing through the pores. Reactions 
requiring smaller transition states proceed unhindered. 

Molecular traffic control may occur in zeolites with more 
than one type of pore system. Reactant molecules here may 
preferentially enter the catalyst through one of the pore 
systems while products diffuse out by the other. Counter- 
diffusion is, thus, minimized here. 

Examples will be discussed f o r  each type of shape selectivity. 

Diffusion 

The importance of diffusion in shape-selective catalysis cannot be 
overemphasized. In general, one type of molecule will react preferen- 
tially and selectively in a shape-selective catalyst if its diffusivity 
Is at least one o r  two orders o f  magnitude higher than that of  compet- 
ing molecular types (2-5) .  Too-large molecules will be absolutely 
unable to diffuse through the pores. Even those molecules which react 
preferentlally have much smaller diffusivities in shape-selective cata- 

\ lysts than in large-pore catalysts. 

' Shape Selectivities 
Reactant- and Product-Type 

Shape selectivity was first described by Weisz and Frilette in 1960. 
P. B. Weisz, N. Y. Chen, V. J. Frilette, and J. N. Miale were not only 
the pioneers of shape-selective catalysis; but in their subsequent pub- 
lications they demonstrated its many possible applications. They have 
described many examples of reactant- (and product-) type shape selec- 
tivity. Examples are selective hydrogenation of n-olefins over CaA- 
type (6-7) and Pt ZSM-5 (8) molecular sieves (Figure 4). 

Most applications and manifestations of shape-selective catalysis 
involve acid-catalyzed reactions such as isomerization, cracking, dehy- 
dration, etc. Acid-catalyzed reactivities of primary, secondary, and 
tertiary carbon atoms differ. Tertiary carbon atoms react inherently 
much easier than secondary carbon atoms. Primary carbon atoms don't 
form carbonium ions under ordinary conditions and therefore do not 
react. Therefore, in most cases isoparaffins crack and isomerize much 
faster than normal paraffins. This order is reversed in most shape- 
selective acid catalysis; that is, normal paraffins react faster than 
branched ones which sometimes do not react at all. 
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R e s t r i c t e d  T r a n s i t i o n  
State-Type S e l e c t i v i t y  

I n  r e s t r i c t e d  t r a n s i t i o n  s t a t e - t y p e  S e l e c t i v i t y ,  c e r t a i n  r e a c t i o n s  a r e  
prevented  because  t h e  t r a n s i t i o n  s t a t e  i s  t o o  l a r g e  f o r  t h e  c a v i t i e s  of 
t h e  molecular  s i e v e .  An example i s  a c i d - c a t a l y z e d  t r a n s a l k y l a t i o n  of 
d i a l k y l b e n z e n e s  ( 9 )  ( F i g u r e  3 ) .  I n  t h i s  r e a c t i o n  one of t h e  a l k y l  
g roups  i s  t r a n s f e r r e d  from one  molecule  t o  a n o t h e r .  T h i s  i s  a 
b i m o l e c u l a r  r e a c t i o n  i n v o l v i n g  a d iphenylmethane  t r a n s i t i o n  s t a t e .  

Meta-xylene i n  t h i s  r e a c t i o n  w i l l  y i e l d  l J 3 , 5 - t r i a l k y l b e n z e n e .  
Mordeni te  does n o t  have enough s p a c e  f o r  t h e  c o r r e s p o n d i n g  t r a n s i t i o n  
s t a t e .  Thus, whereas t h e  1 ,2 ,4- i somer  can  form, t h e  1 ,3,5- isomer can- 
n o t  ( 1 0 , l l ) .  Symmetr ica l  t r i a l k y l b e n z e n e s  a r e  a b s e n t  from the  product ,  
a l t h o u g h  they  are  t h e  predominant  components of  t h e  t r i a l k y l b e n z e n e  
isomer m i x t u r e s  a t  e q u i l i b r i u m  (12-13). F i g u r e  5 shows p r o d u c t  d i s t r i -  
b u t i o n s  o v e r  Zeolon H-mordenite. I s o m e r i z a t i o n  r a t e s  of t h e  symmet- 
r i c a l  m e s i t y l e n e  and t h e  smaller h e m i m e l l i t e n e  over  m o r d e n i t e  and HY 
a r e  a lmost  i d e n t i c a l .  T h i s  shows t h a t  symmetr ica l  t r i a l k y l b e n z e n e s  a r e  
themselves  n o t  h i n d e r e d  w i t h i n  t h e  p o r e s  of H-mordenite. I n  isomeriza-  
t i o n ,  t h e  t r a n s i t i o n  s t a t e  i n v o l v e s  o n l y  one molecule ;  so there  i s  
enough s p a c e  t o  form t h e  t r a n s i t i o n  s t a t e  i n  t h e  i n t e r n a l  c a v i t y  of t h e  
s i e v e .  

Another e x a m p l e  f o r  t r a n s i t i o n  s t a t e - t y p e  s e l e c t i v i t y  i s  i s o b u t a n e  iso- 
m e r i z a t i o n  over  HZSM-5 (14-16). 

One can d i s t i n g u i s h  e x p e r i m e n t a l l y  between r e a c t a n t  and product - type  
s e l e c t l v i t i e s  and r e s t r i c t e d  t r a n s i t i o n  s t a t e - t y p e  s e l e c t i v i t i e s  by 
s t u d y i n g  p a r t i c l e  s i z e  e f f e c t s .  Observed ra tes  depend on the i n t r i n -  
s i c ,  u n i n h i b i t e d  ra te  c o n s t a n t  and, i f  mass t r a n s f e r  is l i m i t i n g ,  on 
t h e  d i f f u s i v i t i e s  of t h e  r e a c t a n t  ( o r  p r o d u c t )  molecules  and on t h e  
c a t a l y s t  p a r t i c l e  s i z e .  R e a c t a n t  and p r o d u c t  s e l e c t i v i t i e s  a r e  mass 
t r a n s f e r  l i m i t e d  and,  t h e r e f o r e ,  a f f e c t e d  by c r y s t a l l i t e  s i z e  whereas 
r e s t r i c t e d  t r a n s i t i o n - s t a t e  s e l e c t i v i t y  i s  n o t .  Haag, Lago, and Weisz 
used  t h i s  method t o  d e t e r m i n e  t h e  c a u s e s  of s h a p e  s e l e c t i v i t y  i n  t h e  
c r a c k i n g  of c6 and C9 p a r a f f i n s  and o l e f i n s  o v e r  HZSM-5 (17). 

The c r y s t a l l i t e  s i z e  e f f e c t s  observed  a l lowed Haag, Lago, and Weisz t o  
c a l c u l a t e  e f f e c t i v e  d i f f u s i v i t i e s .  T h i s  was the  f i r s t  known c a s e  f o r  
d e t e r m i n a t i o n  of m o l e c u l a r  d i f f u s i v i t i e s  i n  a z e o l i t e  a t  s t e a d y  s t a t e  
and a c t u a l  r e a c t i o n  c o n d i t i o n s  ( F i g u r e  6 ) .  D i f f u s i v i t i e s  d e c r e a s e  by 
f o u r  o r d e r s  o f  magni tude from normal  t o  gem-dimethyl p a r a f f i n s .  While 
branching  has  a l a r g e  e f f e c t ,  t h e  i n f l u e n c e  of t h e  l e n g t h  of t h e  mole- 
c u l e  i s  small. O l e f l n s  have similar d i f f u s i v i t i e s  t o  t h e  cor responding  
p a r a f f i n s .  One s u r p r i s i n g  o b s e r v a t i o n  i s  t h a t  t h e s e  d i f f u s i v i t i e s  a r e  
a b o u t  an o r d e r  h i g h e r  t h a n  t h e  c a l c u l a t e d  Knudsen d i f f u s i v i t i e s .  

An i m p o r t a n t  consequence of t h e  l a c k  of s p a c e  f o r  the  bulky t r a n s i t i o n  
s t a t e  f o r  t r a n s a l k y l a t i o n  w i t h i n  HZSM-5 is t h a t  xy lene  i s o m e r i z a t i o n  
proceeds  w i t h o u t  t r i m e t h y l b e n z e n e  f o r m a t i o n .  T h i s  improves x y l e n e  
y i e l d s  and i n c r e a s e s  c a t a l y s t  l i f e .  

The most i m p o r t a n t  example of  r e s t r i c t e d  t r a n s i t i o n  s t a t e - t y p e  s e l e c -  
t i v i t y  i s  t h e  a b s e n c e  ( o r  n e a r  a b s e n c e )  of coking  i n  ZSM-5 t y p e  
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molecular  s i e v e s .  T h i s  h a s  g r e a t  s i g n i f i c a n c e  because  C e r t a i n  reac- 
t i o n s  can o c c u r  i n  t h e  a b s e n c e  of m e t a l  h y d r o g e n a t i o n  components and 
h i g h  hydrogen p r e s s u r e .  Coking i s  l e s s  s e v e r e  i n  ZSM-5 because  t h e  
Pores  l a c k  enough s p a c e  f o r  t h e  p o l y m e r i z a t i o n  of coke p r e c u r s o r s .  On 
ZSM-5 t h e  coke i s  d e p o s i t e d  on t h e  o u t e r  s u r f a c e  of t h e  c r y s t a l l i t e s ,  
whereas i n  o f f r e t i t e  and mordeni te  most of t h e  coke forms w i t h i n  t h e  
p o r e s  (18) ( F i g u r e  7 ) .  A c t i v i t y  i s  b a r e l y  a f f e c t e d  i n  t h e  f i r s t  c a s e ,  
w h i l e  i t  d e c r e a s e s  r a p i d l y  i n  t h e  second.  

I n  l a r g e  pore  z e o l i t e s  ( e . g . ,  HY,  m o r d e n i t e )  t h e  most s i g n i f i c a n t  s t e p  
i n  coking i s  p r o b a b l y  t h e  a l k y l a t i o n  of a r o m a t i c s  (19-22). These 
a l k y l a r o m a t i c s  c y c l i z e  or condense i n t o  f u s e d - r i n g  p o l y c y c l i c s ,  which 
e v e n t u a l l y  dehydrogenate  t o  coke.  P a r a f f i n s  c o u l d  a l s o  c o n t r i b u t e  t o  
coking  v i a  c o n j u n c t  p o l y m e r i z a t i o n ,  which l e a d s  t o  naphthenes .  

Molecular  T r a f f i c  C o n t r o l  

Molecular  t r a f f i c  c o n t r o l  i s  a s p e c i a l  t y p e  of s h a p e  s e l e c t i v i t y .  I t  
could  occur  i n  z e o l i t e s  w i t h  more t h a n  one t y p e  of i n t e r s e c t i n g  p o r e  
sys tems.  R e a c t a n t  m o l e c u l e s  h e r e  may p r e f e r e n t i a l l y  e n t e r  t h e  c a t a l y s t  
th rough one of t h e  pore  sys tems w h i l e  t h e  p r o d u c t s  d i f f u s e  out  of t h e  
o t h e r .  This  may minimize c o u n t e r d i f f u s i o n  and ,  t h u s ,  i n c r e a s e  r e a c t i o n  
r a t e  ( 2 3 - 2 4 ) .  

ZSW-5 h a s  two t y p e s  of c h a n n e l s ,  bo th  of which have ten-membered r i n g  
openiggs .  On% channel  sys tem i s  s i n u s o i d a l  and h a s  n e a r l y  c i r c u l a r  
( 5 . 4  A x 5 .6  A )  c r o s s - 2 e c t i o n .  The o t h e r  c h a n n e l  sys tem h a s  e l l i p t i c a l  
openings  (5 .2  8 x 5.8 A ) .  These are s t r a i g h t  and p e r p e n d i c u l a r  t o  t h e  , 
f i r s t  system (25-26) .  Whereas l i n e a r  molecules  c a n  occupy both  c h a n n e l  
sys tems,  3-methylpentane and p-xylene occupy o n l y  t h e  l i n e a r ,  e l l i p -  
t i c a l  pores .  These s u g g e s t  t h a t  normal a l i p h a t i c s  c a n  d i f f u s e  f r e e l y  
i n  both  sys tems;  b u t  a r o m a t i c s  and l s o p a r a f f i n s  p r e f e r  t h e  l i n e a r ,  
e l l i p t i c a l  c h a n n e l s .  Examples might  be benzene a l k y l a t i o n  w i t h  e t h y l -  
ene ,  and t o l u e n e  a l k y l a t i o n  w i t h  methanol  o v e r  ZSM-5 c a t a l y s t s  ( 2 7 ) .  

I n  " r e v e r s e  m o l e c u l a r  t r a f f i c  c o n t r o l "  small  p r o d u c t  molecules  d i f f u s e  
ou t  through p o r e s  too nar row f o r  l a r g e r  r e a c t a n t s ,  t h u s  a v o i d i n g  coun- 
t e r d i f f u s i o n  ( 2 8 ) .  Examples might  be c a t a l y t i c  dewaxing o r  x y l e n e  
i s o m e r i z a t i o n  ( 2 7 ) .  

S e q u e n t i a l  a d s o r p t i o n  measurements d i d  n o t  s u p p o r t  t h e  c o n c e p t  of mole- 
c u l a r  t r a f f i c  c o n t r o l  ( 2 9 ) .  However, i t  i s  q u e s t i o n a b l e  whether  such  
k i n e t i c  phenomena can be proven  o r  d i s p r o v e n  by a d s o r p t i o n  measurements 
( 3 0 ) .  

Product  s e l e c t i v i t y ,  r e s t r i c t e d  t r a n s i t i o n  s t a t e - t y p e  s e l e c t i v i t y ,  and 
m o l e c u l a r  t r a f f i c  c o n t r o l  may a l l  c o n t r i b u t e  t o  s e v e r a l  r e a c t i o n s  i n  
which p-xylene i s  formed above i t s  e q u i l i b r i u m  c o n c e n t r a t i o n s  over  
ZSM-5 z e o l i t e  ( 2 , 4 , 5 , 3 1 , 3 2 , 3 3 ) .  

C o n t r o l  of Shape S e l e c t i v i t y  

Shape s e l e c t i v i t y  can be improved by r e d u c i n g  t h e  number of a c t i v e  
s i t e s  on t h e  e x t e r n a l  s u r f a c e  of z e o l i t e  c r y s t a l l i t e s .  The e x t e r n a l  
s u r f a c e  of a m o l e c u l a r  s i e v e  can b e  n e u t r a l i z e d  by p o i s o n i n g  w i t h  a 
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l a r g e  molecule  ( 3 4 ) .  The e x t e n t  of s h a p e  s e l e c t i v i t y  c a n  b e  a l s o  con- 
t r o l l e d  by c a t i o n s  (35-38). D e c r e a s i n g  t h e  aluminum c o n t e n t  i n  t h e  
l a s t  s t a g e  of c r y s t a l l i z a t i o n  of ZSM-5 z e o l i t e s  i s  a n o t h e r  way t o  
r e d u c e  the number of a c t i v e  s i tes  on the o u t s i d e  s u r f a c e  of c r y s t a l -  
l i t e s  ( 3 9 )  a n d ,  t h u s ,  improve s h a p e  s e l e c t i v i t y .  

E r i o n i  t e  

E r i o n i t e ' ( 4 1 - 4 2 )  c a n  s e l e c t i v e l y  d i s t i n g u i s h  between normal and 
i s o p a r a f f i n s .  Over e r i o n i t e  t h e  o t h e r w i s e  much-more-reactive 
2-methylpentane r e a c t s  50 times s l o w e r  a t  430°C t h a n  normal  hexane a t  
32OOC. The c a v i t y  of e r i o n i t e  has d imens ions  s imilar  t o  the l e n g t h  of 
n-oc tane .  T h i s  c o i n c i d e n c e  i s  r e s p o n s i b l e  f o r  t h e  s o - c a l l e d  "cage" o r  
"window" e f f e c t  (42-46) .  

Q u a n t i t a t i v e  Measure of Shape S e l e c t i v i t y  

A q u a n t i t a t i v e  measure of s h a p e  s e l e c t i v i t y  ( c a l l e d  " c o n s t r a i n t  i n d e x " )  
compares t h e  c r a c k i n g  rates of normal-hexane and 3-methylpentane ( 4 6 )  
( F i g u r e  37) .  S i l i c a - a l u m i n a  h a s  a c o n s t r a i n t  i n d e x  of 0.6. T h i s  r a t i o  
r e p r e s e n t s  t he  i n t r i n s i c  c r a c k i n g  r a t e s  of normal p a r a f f i n s  and iso- 
p a r a f f i n s .  Mordeni te  and rare ear th  Y are  s i m i l a r l y  u n s e l e c t i v e .  
E r i o n i t e  has a v e r y  h i g h  " c o n s t r a i n t  i n d e x , "  and s o  do v a r i o u s  ZSM 
c a t a l y s t s .  

A p p l i c a t i o n s  

We could remove u n d e s i r a b l e  i m p u r i t i e s  by c r a c k i n g  them t o  eas i ly  
removable molecules  and d i s t i l l i n g  them away [such  as i n  S e l e c t o f o r m i n g  
( 4 7 ,  48)  and c a t a l y t i c  dewaxing (49-5211.  I m p u r i t i e s  can a l s o  be 
s e l e c t i v e l y  burned i n s i d e  m o l e c u l a r  s i e v e s  and removed as C 0 2  and CO. 
Or i m p u r i t i e s  c a n  b e  c o n v e r t e d  to  harmless m o l e c u l e s .  

One i m p o r t a n t  c l a s s  of a p p l i c a t i o n s  of shape  s e l e c t i v i t y  i s  t o  a v o i d  
u n d e s i r a b l e  r e a c t i o n s .  For i n s t a n c e ,  i n  x y l e n e  i s o m e r i z a t i o n  t r a n s i -  
t i o n  s t a t e - t y p e  s e l e c t i v i t y  l i m i t s  t r a n s a l k y l a t i o n  and coking  o v e r  
ZSM-5 s i e v e  ( 5 3 ) .  I n  t o l u e n e  a l k y l a t i o n  or  d i s p r o p o r t i o n a t i o n  reac-  
t i o n s  l e a d i n g  t o  t h e  u n d e s i r a b l e  i somers  (0- and m-xylenes)  a r e  avoided 
(52-53) .  Most of these a p p l i c a t i o n s  w i l l  b e  d i s c u s s e d  i n  d e t a i l  by 
subsequent  speakers of t h i s  Symposium. 
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Reaction 
Temperature, "C % o f  Total C,, % o f  Total C,, 

204 31.3 16.1 
315 30.6 19.6 
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315 46.8 33.7 

SHAPE SELECTIVE HYDROGENATION 
OVER Pt - ZSM-5 

Catalyst Temp., "C Pt - AI,O, Pt - ZSM-5 
Hydrogenated , YO 

Hexene 275 27 90 
4,4-Dimeth ylhexene-l 275 35 <1 
Styrene 400 57 50 
2-Methylstyrene 400 58 <2 
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SYmposium on “ S h a p e  S e l e c t i v e  C a t a l y s i s ,  R o u t e  t o  C h e m i c a l s  Fuels:’ ACS 
m e e t i n g  20-25 march  1983,  S e a t t l e .  

CATALYTIC, PHYSICAL AND ACIDIC PROPERTIES OF PENTASXL ZEOLITES 

Jacques C. V e d r i n e  
I n S t i t u t  d e  R e c h e r c h e s  s u r  l a  C a t a l y s e ,  C.N.R.S., 
2, a v .  A l b e r t  E ins te in  F 69626 V i l l e u r b a n n e  FRANCE 

( 1 - 4 ) .  
A l a r g e  amount  o f  e f f o r t s  h a s  been d o n e  i n  the recent y e a r s  t o  u n d e r -  

s t a n d  the f a s c i n a t i n g  s h a p e  selective p r o p e r t i e s  o f  ZSM-5 or ZSM-11 z e o l i t e s  
I t  h a s  appeared  t h a t  the a c i d  s t r e n g t h  of the B r o n s t e d  s i tes  varies i n  a w i d e  
r a n g e  f o r  a same s a m p l e ( 5 ) .  Moreover, d e p e n d i n g  on p r e p a r a t i o n  c o n d i t i o n s ,  
the morpho logy  and s i z e  o f  the  z e o l i t i c  c r y s t a l l i t e s  and the A1 concentration 
w i t h i n  a c r y s t a l l i t e  and b e t w e e n  c r y s t a l l i t e s  may v a r y  drastic all^(^-^). I t  
f o l l o w s  t h a t  it i s  somewhat d i f f i c u l t  t o  r a t i o n a l i z e  the e f f e c t s  o f  p a r t i c l e  
s i z e ,  o f  a c i d  s t r e n g t h  and o f  the n a t u r e  o f  the z e o l i t e  (-5 or - 1 1 )  on the 
c a t a l y t i c  p r o p e r t i e s  o f  the c a t a l y s t  f o r  a c i d - t y p e  reactions l i ke  m e t h a n o l  
conversion or a l k y l a t i o n  o f  a r o m a t i c s .  T h e  p u r p o s e  o f  this p r e s e n t a t i o n  i s  to  
sum u p  some o f  our recent w o r k s  i n  t h a t  f i e l d .  

E x p e r i m e n t a l  p a r t  : ZSM-5 and ZSM-11 s a m p l e s  h a v e  been p r e p a r e d  i n  the l a b o r a -  
t o r y  f o l l o w i n g  the p r o c e d u r e s  d e s c r i b e d  i n  r e f .  8 and 9 r e s p e c t i v e l y .  F o r  
ZSM-5 s a m p l e s  the A 1  content o f  the s a m p l e s  was v a r i e d  b y  u s i n g  d i f f e r e n t  A1 
concentration i n  the p r e p a r a t i o n  m i x t u r e .  F o r  ZSM-11 s a m p l e s  the t e m p e r a t u r e  
and d u r a t i o n  o f  the  p r e p a r a t i o n  w e r e  chosen to  be 100°C,  one mon th  ( s a m p l e  1 )  
and  17OoC, one week ( s a m p l e s  2 and  3 ) .  Chemica l  c o m p o s i t i o n s  w e r e  d e t e r m i n e d  
f r o m  a t o m i c  a b s o r p t i o n  m e a s u r e m e n t s  and a r e  g i v e n  i n  t a b l e  1. T h e  s a m p l e s  were 
c a l c i n e d  u n d e r  N f l o w  a t  50O0C and  then a t  540°C u n d e r  a i r  f l o w .  A c i d i f i c a -  
t ion was p e r f o r m e d  b y  e x c h a n g i n g  Na c a t i o n s  b y  NH + i n  a q u e o u s  s o l u t i o n  M/2 
a t  8OoC. and b y  d e a m m o n i a t i o n  a t  54OoC u n d e r  a i r  $low.  O n e  ZSM-5 s a m p l e  was 
t r e a t e d  b y  a t r i m e t h y l p h o s p h i t e  s o l u t i o n  i n  n - o c t a n e  a t  120°C a s  d e s c r i b e d  
i n  r e f .  1 0  r e s u l t i n g  i n  a so c a l l e d  P-ZSM-5. 

T a b l e  1 : P h y s i c a l  characteristics o f  the d i f f e r e n t  s a m p l e s  

2 

S a m p l e s  
z e o l i t e  t y p e  
m o d i f i c a t i o n  

_---____---------- 
Chemica l  a n a l y s i s  
a t o m s  : S i  : A1 
Na : ( S i + A l ) x l O z  

XPS d a t a  
a t o m s  : S i  : A1 

TEM a n a l y s i s  
; i z e  o f  gra ins(pxn)  

s h a p e  

I I I I I 
1 I 2  ( 3 1  4 1 5  6 

ZSM-11 ZSM-11 I ZSM-11 I ZSM-5 1 ZSM-5 I P-ZSM-5 
no I no 1 no I no I no ,Phosphorus  

I --------L-------- 

I 
I 
I 

I I 
I 

I 

I 
I 10 37 3 1  I 43 2 3  9 

0 . 3  10.5 ,0.1 I 0.2 0.7 I 0. 7 
I 
I I I I I 

24 3 0  I 70 I 26  I 1 0  I 9  
I I I I I 

I I 
3.620.2 I 1-2 ; 6 + 2  0.5-2 I 0.5-2 I 0.5-2 
a g g r e -  I core + I core + ‘ p a r a l l e l e -  1 p a r a l l e l e -  I p a r a l l e l e -  

g a t e  ‘ n e e d l e s  n e e d -  l p i p e d s  I p i p e d s  l p i p e d s  
I ‘ l e s  I I I 

s p h e r o i - :  s p h e r u -  I spheru :  I 1 
d a l  I l i t i c  I l i t i c  I I I 

I I 
I I 1 I I 

, 



C a t a l y t i c  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  i n  a f l o w  m i c r o r e a c t o r  (100 mg 

A c i d i t y  c h a r a c t e r i z a t i o n  was  p e r f o r m e d  u s i n g  i n f r a - r e d  s p e c t r o s c o p y  and 

I 

o f  c a t a l y s t )  and a n a l y s e s  were  p e r f o r m e d  on s t r e a m  b y  g a s  chromatography .  

m i c r o - c a l o r i m e t r y  o f  NH3 a d s o r p t i o n  a t  15OOC. T h e  morpho logy  o f  the z e o l i t e  
g r a i n s  was d e t e r m i n e d  u s i n g  a h i b h  r e s o l u t i o n  t r a n s m i s s i o n  electron m i c r o s -  
c o p e  JEOL 100 CX and A 1  d i s t r i b u t i o n  w i t h i n  the g r a i n  was d e t e r m i n e d  w i t h  a 
h i g h  r e s o l u t i o n  EDX-STEM f r o m  Vacuum G e n e r a t o r s  (HB 5 ) .  S u r f a c e  c o m p o s i t i o n  
o f  t h e  g r a i n s  was measured  b y  X P S  u s i n g  a monochromat i zed  HP 5950 A s p e c t r o -  
m e t e r .  X r a y  d i f f r a c t i o n  p a t t e r n s  w e r e  o b t a i n e d  u s i n g  a c o n v e n t i o n n a l  CuKa 
X r a y  s o u r c e .  A t  l a s t  the c a p a c i t y  o f  n -hexane  a b s o r p t i o n  a t  room t e m p e r a t u r e  
was measured  b y  v o l u m e t r y .  

E x p e r i m e n t a l  r e s u l t s  

S a m p l e s  
C o n v e r s i o n  (%) 

Hydrocarbons  % 
a l i p h a  t ics 
aroma t ics 

A r o m a t i c s  (%) 
x y l e n e s  

7 A6 + A 

Others 

(m + p )  : 0 x y l e n e s  

T h e  c r y s t a l l i n i t y  o f  the s a m p l e s  p r e p a r e d  i n  the l a b o r a t o r y  was d e t e r -  
modes  mined b y  X r a y  d i f f r a c t i o n  

(550  : 450  cm-' r a t i o s )  ( l 1 j ,  h i g h  r e s o l u t i o n  electron m i c r o d i f f r a c t i o n  and 
a b s o r p t i o n  c a p a c i t y  f o r  n - h e x a n e  (11 -12  w t  %). A l l  s a m p l e s  were  f o u n d  t o  be 
w e l l  c r y s t a l l i z e d  m a t e r i a l s  e x c e p t  s a m p l e  1 wh ich  p r o b a b l y  c o n t a i n e d  a p p r o x i -  
m a t e l y  3 0  % o f  amorphous  s i l i c a ( l o )  and  7 0  % o f  a g g r e g a t e s  o f  t i n y  c r y s t a l l i -  
tes  (5 -10  nm i n  s i z e )  a s e v i d e n c e d f r o m  i .r .  and n -hexane  a b s o r p t i o n  d a t a .  The  
other two  ZSM-11 s a m p l e s  ( s a m p l e s  2 a n s  3 )  were  f o r m e d  o f  a core c o n s t i t u t e d  
b y  an a g g r e g a t e  o f  s m a l l  5 -10  nm c r y s t a l l i t e s  and o f  n e e d l e s  (500-1000 nm 
i n  s i z e )  e m e r g i n g  f r o m  the core w i t h  a s p h e r u l i t i c  s h a p e ( ? ) .  High  r e s o l u t i o n  
m i c r o d i f f r a c t i o n  u n a m b i g u o u s l y  showed t h a t  the t i n y  c r y s t a l l i t e s  were  w e l l  
c r y s t a l l i z e d  ZSM z e o l i t e . Z S M - 5  s a m p l e s  were formed  o f  w e l l  c r y s t a l l i z e d  para1  
l e l e p i p e d s  o f  0 .5  t o  2 pm i n  size.  P h y s i c a l  and  c h e m i c a l  c h a r a c t e r i s t i c s  
o f  the s a m p l e s  a r e  g i v e n  in t a b l e  1 .  T h e i r  c a t a l y t i c  p r o p e r t i e s  f o r  me thano l  
c o n v e r s i o n  and  a l k y l a t i o n  of t o l u e n e < b y  m e t h a n o l  a r e  summarized  i n  t a b l e s  
2 and 3 .  

T a b l e  2 : C a t a l y t i c  p r o p e r t i e s  o f  ZSM-5 and ZSM-11 s a m p l e s  i n  the r e a c t i o n  o f  

i n f r a - r e d  s p e c t r o s c o p y  o f  the v i b r a t i o n a l  

m e t h a n o l  c o n v e r s i o n  a t  370'C w i t h  N2 a s  a c a r r i e r  g a s ,  f l o w  r a t e  = 
5 1 h-', WHSV = 11 h - I  

1 2 3 4 5 6  
9 0  84 70  89  89  8 9  

8 0  84 75 78 7 0  84 
2 0  16 25 2 2  3 0  16 

26  2 7  29  46 5 0  64  
6 7 5 9 6 8  

6 8  66 66 45 44 2 8  

3 3 5 13 1 1  35 

128 



T a b l e  3 : C a t a l y t i c  p r o p e r t i e s  o f  ZSM-5 and  ZSM-11 s a m p l e s  i n  the r e a c t i o n  
o f  a l k y l a t i o n  o f  t o l u e n e  b y  m e t h a n o l  a t  4OO0C, w i t h  N a s  a g a s  
c a r r i e r  and a t o t a l  f l o w  r a t e  e q u a l  t o  1.85 1 h- l ,  WH3V = 4 .5 /5  h-' 

S a m p l e s  
Zeolite 

Conversion (%) 
m e t h a n o l  
t o l u e n e  

Hydrocarbons  ( a )  
a1 i p h a  tics 
x y l e n e s  

t r i m e t h y l b e n z e n e s  
others 

......................... 

......................... 
S e l e c t i v i t i e s  (%) 

p - x y l  ene 
m - x y l e n e  
o - x y l e n e  

TMB 135 
TMB 124 
TMB 123 

2 4 5 
ZSM- 1 1 ZSM- 5 P-ZSM-5 

1.3 4.1 11.6 
81.0 88.0 84.5 
12.9 4.1 1 .0  

4 .8  3.8 4.9 

29.  1 52.1 94.6 
49.8 36.5 3 .8  
21.1 11.4 1 . 4  

2 .3  - - 
2.3 - - 

94.6 100  1 0 0  

The  m a i n  f e a t u r e s  of c a t a l y t i c  p r o p e r t i e s  a r e  t h a t  ZSM-5 s a m p l e s  p r e s e n t  
more  s h a p e  selective p r o p e r t i e s  t h a n  ZSM-11 w h a t e v e r  the p a r t i c l e  s i z e ,  p r e -  
sumab ly  b e c a u s e  ZSM-11 h a s  more  f r e e  s p a c e  (+ 3 0  %) a t  the c h a n n e l  inter- 
sections. D e t a i l e d  a n a l y s i s  o f  the m e t h a n o l  conversion r e a c t i o n  ( 7 )  shows  t h a t  
when the g r a i n  s i z e  of ZSM-11 s a m p l e s  i n c r e a s e s  mQre l i g h t  h y d r o c a r b o n s  
(C1 + C ) and less h e a v i e r  h y d r o c a r b o n s  (C+ and  A ' )  a r e  f o r m e d .  T h i s  v e r y  

p r o b a b l y  a r i s e s  f r o m  the l o n g e r  l e n g t h  p a t 2  f o r  tae r e a c t a n t s  when the p a r t i -  
cle s i z e  i n c r e a s e s .  

T h e  i.r. OH b a n d s  a t  3720-3740 and  3600-3605 an-' w e r e  o b s e r v e d  f o r  a l l  
s a m p l e s .  T h e  3 6 0 0  an-' band  was  shown b y  NH3 a d s o r p t i o n  t o  be a c i d i c  w h i l e  the 
3720-3740 cm-I band  was shown t o  h a v e  i t s  r e l a t i v e  i n t e n s i t y  d e c r e a s i n g  when 
the p a r t i c l e  s i z e  i n c r e a s e d  d u e  t o  a d e c r e a s e  i n  the number  of t e r m i n a l  
s i l a n o l s .  M o d i f i c a t i o n  b y  p h o s p h o r u s  was shown t o  d e c r e a s e  the number o f  
OH g r o u p s  b y  a b o u t  one h a l f  b u t  their  s t r e n g t h  r e m a i n e d  c o m p a r a b l e ( " ) .  T h e  
EDX-STEM c h a r a c t e r i z a t i o n  showed t h a t  A 1  was not h o m o g e n e o u s l y  l o c a l i z e d  i n  
the z e o l i t e  f ramework .  For s p h e r u l i t i c  ZSM-11 g r a i n s  t he  n e e d l e s  w e r e  shown 
to  p r e s e n t  i n  a v e r a g e  a b o u t  t w i c e  less A1 t h a n  the core and evenmore  a n  
h e t e r o g e n e o u s  d i s t r i b u t i o n  o f  A1 f r o m  the inner t o  the 
ZSM-5 s a m p l e s  h e t e r o g e n e i t y  i n  A1 c o n c e n t r a t i o n  w i t h i n  a same z e o l i t i c  g r a i n  
or b e t w e e n  g r a i n s  was o b s e r v e d  

A c i d i t y  s t r e n g t h  and a c i d  s i t e  c o n c e n t r a t i o n  w e r e  d e t e r m i n e d  b y  mesu-  
r i n g  m i c r o c a l o r i m e t r i c a l l y  the d i f f e r e n t i a l  h e a t  o f  ammonia a d s o r p t i o n  a t  
150'C. I t  was o b s e r v e d  t h a t  the s t r o n g e s t a c i d s i t e s  w e r e  o b t a i n e d  f o r  r e l a -  
t i v e l y  l o w  A1 content b u t  o b v i o u s l y  the number o f  s t r o n g  a c i d  s i tes d e c r e a s e d  
w i t h  the A 1  content d e c r e a s i n g .  A c i d i t y  s t r e n g t h  was  o b s e r v e d  t o  be hetero- 
g e n e o u s  w h i c h  i s  i n  a g r e e m e n t  w i t h  the h e t e r o g e n e i t y  i n  A1 d i s t r i b u t i o n .  T h e  
number o f  s t r o n g  a c i d  sites was  f o u n d  t o  e q u a l  1.6, 1.8, 1 .8 ,  2 .4 ,  2.3, 1 . 3  p e r  
u . c  r e s p e c t i v e l y  f o r  s a m p l e s  1 t o  6 ,  a f t e r  o u t g a s s i n g  a t  40O0C. 

2 

o u t e r  l a y e r s .  For 

w h i c h  p r e c l u d e d  a n y  r a t i o n a l i z e d  l a w ( 7 ) .  
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C o n c l u s i o n s  : T h e s e  c h a r a c t e r i z a t i o n s l e a d  t o  the f o l l o w i n g  conclusions : 

. C r y s t a l  g r o w t h  o f  ZSM-11 p a r t i c l e s  s e e m s  t o  be p a r t i c u l a r l y  d i f f i c u l t  
l e a d i n g  t o  a g g r e g a t e s  or core o f  t i n y  cristall i tes,  5-10 nm i n  s ize  wi th  
a r e l a t i v e l y  h i g h  A 1  content ( S i  : A1 3 0  agains t  50  i n  the p r e p a r a t i o n  
m i x t u r e ) .  When A 1  content i s  l o w  the c r y s t a l  g r o w t h  i s  then s h a r p l y  enhanced  

. ZSM-5 p r e s e n t s  much more s h a p e  s e l e c t i v i t y  f o r  less b u l k y  a r o m a t i c s  than 
ZSM-11 i n  methanol conversion a n d  toluene a l k y l a t i o n  reactions. T h i s  i s  
p r e s u m a b l y  d u e  to  l a r g e r  f r e e  s p a c e  a t  the channel intersections o f  ZSM-11 
s a m p l e .  

. A c i d  s t r e n g t h  and  s i t e  d i s t r i b u t i o x S d o  not seem t o  p l a y  an important  role 
i n  s e l e c t i v i t y  for the p r e v i o u s  reactions a s  f a r  a s  a c i d  sites o f  s u f f i -  
cient s t r e n g t h  are present. 

. T h e  p a r t i c l e  s i z e  w h i c h  m o d i f i e s  the channel l e n g t h  p l a y s  o n l y  a s e c o n d a r y  
role i n  the s e l e c t i v i t y  for a l i p h a t i c s  a n d  aromatics. 

. T h e  p r e p a r a t i o n  c o n d i t i o n s  p a r t i c u l a r l y  A I  concentration a n d  s t i r r i n g  d u r i n g  
syathesis s e e m  t o  p l a y  a g r e a t  role i n  the c r y s t a l  g r o w t h  and  i n  the morpho- 
l o g y  o f  the zeo l i t i c  g r a i n s .  
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The bifunctional conversion of cyclooctane. A suitable 
reaction to test shape-selective effects in high-silica 
zeolites. 

by : P.A. Jacobs, M. Tielen and R. Sosa Hernandez 

INTRODUCTION 

i 

4 
\ 

I 

It was reported earlier that the bifunctional 
conversion of n-paraffines into feed isomers or hydro- 
cracked products was distinctly different over wide pore 
zeolites of the faujasite-type compared to those of the 
Pentasil-type. It was also established that the rate 
of conversion of n-decane into its monomethyl branched 
feed isomers was determined by the pore structure in case 
of the Pentasil-zeolites. Branching at the paraffin-end 
was found to be favored in MFI-zeolites (ZSM-5) while in 
MEL-structures (ZSM-11) the pore intersections allowed 
also methyl-branching in the 3-position. This clearly 
indicates that the structure of the pores in medium or 
small pore zeolites can determine the product selectivity. 
Vice versa a well-choosen catalytic test reaction may give 
useful information on the dimensions and geometry of the 
zeolite pores. 

I 
It was therefore the aim of the present work to select 

a suitable probe molecule, the catalytic conversion of 
which will given useful information on the dimensions and 
geometry of zeolite pores in general and on the occurence 
of transition state shape selectivity. 
in the present work it is reported how cyclooctane is 
converted on Pt-loaded acid zeolites. Small amounts of 

More particularly, 
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2. 

Pt are added in order to ensure constant activity in 
time and to avoid perturbance of the measurements by 
differences in rate of deactivation. Three zeolite 
structures (FAU, MFI and MEL) with identical chemical 
composition are compared. 

EXPERIMENTAL 

The acid forms of HZSM-5 and HZSM-I1 had a Si/A1 
ratio of 60. Ultrastable Y-zeolite was treated with 
SiC14 and had the same chemical composition (FAU::). 
These samples were impregnated with Pt(NH3)4C12 so as 
to obtain 1 % by weight loading with the metal. 

The reaction with cyclooctane was carried out at 
atmospheric pressure in a continuous flow-reactor at a 
WHSV of 0.5  h-'. 
was done on-line with high-resolution capillary gas- 
chromatography. 

Analysis of the reaction products 

RESULTS AND DISCUSSION 

The activity sequence MEL > MFI > FAU:: for cyclo- 
octane conversion (Fig. 1) is different from the one 
obtained for n-decane on the same samples : MF'I > 

MEL > FAU::. Comparison with the acid strength 
distribution measurements shows that for the present 
reaction only acid sites of intermediate strength are 
needed. The same figure indicates that the catalysts 
show stable behavior in the temperature range investi- 
gated. Just as for the case of n-paraffin conversion, 
feed isomerization and cracking (Fig. 2) are consecutive 
phenomena. 
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3. 

When the individual product yield is plotted against 
cyclooctane conversion (Figs. 3 - 5), it was found that 
ethylcyclohexane, methylcycloheptane and bis[330lcyclo- 
octane are primary products. Methylcycloheptane may be 
formed via protonated cyclopropane intermediates, just 
as in the case of the ethylcyclohexane conversion 2 :  

It is stabilized in the pentasil-type structures, more 
particularly in MEL. 

The rate formation of bis~330lcyclooctanes (c + t) 
parallels the rate of isomerization to methylcyclo- 
heptane. The formation of a bicyclic molecule out of 
the cyclooctyl carbenium ion, requires that the ring is 
deformed to a chair-type form : 

The direct formation of ethycyclohexane without the 
formation of a primary carbenium ion, can only occur 
via the formation of a protonated cyclobutyl-structure : 

/ 

---9 '0 
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4 .  

The p recu r so r s  of e thylcyclohexane and b is [330lcyc lo-  
oc tane  from cyclooctane a r e  t h e r e f o r e  cyc looc ty l  
c a t i o n s  deformed i n  a t o t a l l y  d i f f e r e n t  manner, most 
probably under in f luence  of t h e  geometry of t h e  z e o l i t e  
pores .  It  is t h e r e f o r e  s t r a igh t fo rward  t h a t  t he  
t ransformat ion  of cyclooctane w i l l  depend mainly upon 
t h e  dimensions and s t r u c t u r e  of t h e  z e o l i t e  pores .  
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reaction temperature K 

Figure 1 

Tota l  cyclooctane conversion i n  hydrogen over Pt-loaded 
a c i d  a) MEL, b) MFI and c)  FAU::. F u l l  p o i n t s  were 
obtained during a second c y c l e  of temperature r i s e .  
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reaction temperature / K 
Figure 2 

Overal l  s e l e c t i v i t y  o f  cyc looc tane  Conversion over 1 Pt/ 
H/MEL : a)  feed isomers,  and b) cracked products .  

cyclooctane conversion 1% 

Figure 3 

Yield of  ethylcyclohexane from cyclooctane over FAU:: ( a ) ,  

MFI (b), and MEL(c). 
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cyclooctane conversion % 
Figure 4 

Yield of methylcycloheptane from cyclooctane on a)  FAU::, 
b) MFI, and c) MEL - zeolites. 

cyclooctane conversion / % 
Figure 5 

Yield of bis[330lcyclooctane from cyclooctane over a) 
FAU::, b) ME'I, and c )  MEL - zeolites. 
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Shape S e l e c t i v e  C a t a l y s i s  and Reac t ion  Mechanisms 

M .  GUISNET and G .  PEROT 

ERA CNRS Ca ta lyse  Organique, Un ive r s i td  de P o i t i e r s  
4 0 ,  Avenue du Recteur  P ineau ,  86022 P o i t i e r s  Cedex, France 

Thanks t o  t h e  p rogres s  r e c e n t l y  accomplished i n  t h e  f i e l d  o f  t he  s y n t h e s i s  
and the  mod i f i ca t ions  of  z e o l i t i c  materials, t h e  chemist  now d i s p o s e s  of a l a r g e  
choice  of ac id  c a t a l y s t s .  The problem l i e s  i n  t h e  s e l e c t i o n ,  through a r e l i a b l e  
method,of the  one b e s t  s u i t e d  f o r  o b t a i n i n g  s e l e c t i v e l y  a g iven  r e a c t i o n .  The a i m  of 
t h i s  paper is  t o  show t h a t ,  by us ing  model r e a c t i o n s ,  c a t a l y s t s  can  be chosen on the  
b a s i s  of t h e i r  shape s e l e c t i v e  p r o p e r t i e s .  For  t h i s  however t h e  r e a c t i o n  mechanisms 
as w e l l  a s  t he  r easons  f o r  p o s s i b l e  mod i f i ca t ions  i n  r a t e  and o r i e n t a t i o n  must be 
p e r f e c t l y  known. 

1 .  Main f a c t o r s  govern ing  r e a c t i o n  s e l e c t i v i t y  over  a c i d  z e o l i t e s  

1 . 1 .  I somer iza t ion  and d i s p r o p o r t i o n a t i o n  o f  a romat ic  hydrocarbons over  z e o l i t e s .  

1 . 1 . 1 .  Xylene i somer i za t ion  

Over amorphous c a t a l y s t s  (1-3) xy lene  i somer i za t ion  invo lves  methyl s h i f t  i n  
benzenium ion in t e rmed ia t e s  a s  t he  r a t e  l i m i t i n g  s t e p  (scheme I ) .  

b 
J / f a s t  

- - 
slow 

w 
- 

slow 

Scheme I : I somer i za t ion  of  xy lenes  on a c i d  c a t a l y s t s  * T r a n s i t i o n  s t a t e  acco rd ing  
t o  ( 4 ) .  

With m-xylene as t h e  r e a c t a n t  and over  amorphous c a t a l y s t s  and Y z e o l i t e ,  two 
p a r a l l e l  r e a c t i o n s  l e a d i n g  t o  o-xylene and p-xylene can t ake  p l a c e  a t  s i m i l a r  
r a t e s .  However over  mordeni te ,  o f f r e t i t e  and ZSM5, t h e  p-xylene fo rma t ion  i s  f a s t e r  ( 5 )  
This  is mainly a matter of d i f f u s i o n  r a t e  (6 ) .  The p-xylene molecule be ing  sma l l e r  i n  
s i z e  d i f f u s e s  o u t  of  t h e  porous s t r u c t u r e  more r e a d i l y  t h a n  o-xylene.  I t  must be no- 
t i c e d  t h a t  t h e  in t e rmed ia t e s  and t h e  t r a n s i t i o n  s t a t e s  involved  i n  t h e  two r e a c t i o n s  
d i f f e r  s l i g h t l y  i n  s i z e  and s t r u c t u r e .  Thus t h e  p o s s i b i l i t y  of s t e r i c  e f f e c t s  cannot  
be excluded. 
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The isomerization of o-xylene into p-xylene involves two consecutive steps. 
At 350"C, the reaction is negligible over amorphous catalysts and Y zeolite but quite 
important over mordenite and very important Over ZSM5 (5) .  Three factors converge to 
increase p-xylene selectivity from Y zeolite to mordenite and ZSM5 : i) the decrease 
in average pore dimension which increases residence time in the structure ; ii) the 
increase in acid strength 
leading from o-xylene to p-xylene ; iii) the smaller size of p-xylene, favoring its 
desorption. 

which increases the rates of the two consecutive steps 

1.1.2.  Xylene disproportionation 

Xylenes can undergo simultaneously isomerization as well as disproportiona- 
tion into toluene and trimethylbenzenes. The disproportionation mechanism involves 
bimolecular intermediates (1,7) much more bulky than the benzenium intermediates 
involved in isomerization. This is probably why the disproportionationfisomerization 
rate ratio (r /r ) increases as more space becomes available in the porous structure 
of the zeolit!. I 

D I  decreases as the degree of exchange of protons for sodium cations in H-mordenite 
increases ( 8 , 9 ) .  This is more a matter of site density than acid strength. Indeed 
poisoning experiments with pyridine show that the acid strength required for both 
reactions is practically the same. But disproportionation requires probably 
two adjacent acid sites (l,7,10) while isomerization requires only one acid site. 
Hence the decrease in rD/rI from Y zeolite to ZSMS may partly be explained by the 
site density decrease. 

However r fr also seems to depend on the acidity of the zeolite. It 

? 

1.2. Alkane transformation 

Over acid and bifunctional catalysts, alkanes undergo three main reactions : !? 
isomerization, cracking and disproportionation. All three of them involve carbocations 
as intermediates and their relative importance depends both on the characteristics of 
the alkane (size, degree of branching) and of the catalyst (acidity, porous structure, 
hydrogenation activity). 

r 

Scheme 2 shows the different chemical steps involved in the isomerization 
and the cracking of alkanes. 

D 

c+ + 0 
Y x-Y 

Scheme 2 : Isomerization and cracking of alkanes on acid and on bifunctional catalysts. 
P:paraffin , 0:olefin ,C+:carbocation ,x,y:number of  carbon atoms, A:acid 
step , M:metallic step. 

1 . 2 . 1 .  Alkane transformation on pure zeolite catalysts 

Alkane cracking on pure acid catalysts occurs through steps la ,& and 5 of 
scheme 2. The carbenium ion formation certainly results from intermolecular hydride 
transfer between a reactant molecule and a preadsorbed cation while steps 2, 2 and 5 
are considered as monomolecular reactions. 

r 
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In  the  absence  of s t e r i c  c o n s t r a i n t s  o r  of d i f f u s i o n a l  l i m i t a t i o n s ,  t h e  
c rack ing  r a t e  i s  r e l a t e d  t o  the  s t a b i l i t y  of t he  i n t e r m e d i a t e  carbenium ions  (Ci and 
c'). Thus over  Y z e o l i t e  a t  400°C i sooc tane  c rack ing  i s  25 t o  40 times f a s t e r  than  
n'hexane c racking  and 150 t o  300 t imes  f a s t e r  than  n-pentane c rack ing .  The d i f f e r e n c e  
i n  r e a c t i v i t y  of a lkanes  depends on t h e  a c t i v e  s i t e s  : t h e  g r e a t e r  t h e i r  ac id  s t r e n g t h ,  
t he  sma l l e r  the  d i f f e r e n c e  ( 1 2 ) .  

The i n t r a c r y s t a l l i n e  s t r u c t u r e  has  a l s o  a cons ide rab le  in f luence  on t h e  r e l a -  
t i v e  r e a c t i v i t i e s  of a lkanes .  F r i l e t t e  e t  a 1  ( 1 1 )  c o n s i d e r  as shape s e l e c t i v e  t h e  
z e o l i t e s  f o r  which t h e  " c o n s t r a i n t  index" C I  ( r a t i o  of  t h e  appa ren t  c r ack ing  r a t e  
c o n s t a n t s  of n-hexane and 3-methylpentane) i s  g r e a t e r  than  1 .  Due t o  t h e  h igher  
r e a c t i v i t y  of 3-methylpentane towards carbenium ion  format ion ,  t h e  CI of non-shape 
s e l e c t i v e  m a t e r i a l s  i s  sma l l e r  than  1 .  I n  t h e  c a s e  of i n t e rmed ia t e  pore  s i z e  z e o l i t e s  
t he  C I  va lue  ( I  < C I <  12)  i s  determined by s t e r i c  c o n s t r a i n t s  i n  t h e  b imolecular  
format ion  of t he  carbenium i o n  ( s t e p  I, scheme 2) ( l 3 , 1 4 ) .  On t h e  c o n t r a r y  f o r  e r i o n i t e  
which has  small pore openings  and l a r g e  c a v i t i e s  t h e  h igh  v a l u e  of C I  i s  due on ly  t o  
d i f f e r e n c e s  i n  d i f f u s i o n a l  l i m i t a t i o n s  f o r  n-hexane on t h e  one hand and 3-methylpentane 
on t h e  o t h e r .  

The a c i d i t y  and t h e  s t r u c t u r e  of  z e o l i t e s  a l s o  i n f l u e n c e  cons ide rab ly  t h e  
product d i s t r i b u t i o n  of a lkane  c rack ing  ( 1 2 ) .  I n  t h e  c a s e  of i sooc tane  about  75 % 
of t h e  c racking  products  can  be cons idered  as r e s u l t i n g  from t h e  success ive  s t e p s  1 
and 2 of scheme 2 ,  t he  remaining 25 % r e s u l t  from one i somer i za t ion  s t e p  fo l lowed by 
c rack ing  of t he  rear ranged  ca rboca t ion  (sequence L,z,i). Over mordeni te  and ZSM5, 
d i r e c t  c racking  (sequence 1,2) i s  r e s p o n s i b l e  r e s p e c t i v e l y  f o r  50 and IO % of t h e  
products  on ly ,  t h e  r e m a i n d e r r e s u l t s  from m u l t i p l e  t r ans fo rma t ions  of i sooc tane .  
The d i f f e r e n c e s  between t h e  t h r e e  z e o l i t e s  can be a t t r i b u t e d  t o  d i f f u s i o n a l  l i m i t a -  
t ions .  

slow t h a t  t he  format ion  of isomers ( s t e p  5) is  observed .  The i somer i za t ion lc rack ing  
r a t e  r a t i o  depends on  t h e  z e o l i t e .  For n-pentane t r ans fo rma t ion  a t  400°C, i t  i n c r e a s e s  
from almost ze ro  over  ZSMS t o  about  0 .7  ove r  mordeni te  and 3.5 over  Y z e o l i t e  ( 1 2 ) .  
This  may be due t o  the  i n t r i n s i c  s e l e c t i v i t y  of t h e  c a t a l y t i c  s i t e s  bu t  s t e r i c  cons- 
t r a i n t s  t u  t he  b imolecular  t r a n s i t i o n  s t a t e  of s t e p  5 may a l s o  p l ay  an  impor tan t  r o l e  
on ZSM5. 

d i s p r o p o r t i o n a t i o n  i n t o  C4 and c6  p roduc t s .  With bu tanes  t h i s  r e a c t i o n  i s  t h e  on ly  
one t h a t  can  be observed a t  low convers ion  ( 1 5 ) .  Th i s  i s  e a s i l y  unde r s t andab le  s i n c e  
butane d i s p r o p o r t i o n a t i o n  involves  secondary  carbenium i o n s  whi le  i t s  c r ack ing  o r  
i n t r amolecu la r  i somer i za t ion  n e c e s s a r i l y  invo lves  primary c a t i o n  (16 ) .  Dispropor t iona-  
t i o n  needing ve ry  s t r o n g  a c i d  s i t e s  ( 1 7 ) ,  Y z e o l i t e  i s  l e s s  a c t i v e  than  mordeni te .  
Another exp lana t ion  must be found f o r  t h e  i n a c t i v i t y  of  ZSM5. Probably  t h e  b imolecular  
C i n t e rmed ia t e  cannot be formed i n s i d e  t h e  porous s t r u c t u r e  of ZSM5. On t h e  o t h e r  
8 hand, d i s p r o p o r t i o n a t i o n  i s  c e r t a i n l y  a "demanding r e a c t i o n "  ( r e q u i r i n g  s e v e r a l  s i t e s )  

so t h a t  t h e  low d e n s i t y  of a c i d  s i t e s  i n  ZSMS could  e x p l a i n  i t s  i n a c t i v i t y .  

In t h e  c a s e  of pentanes  and hexanes ,  t h e  c rack ing  s t e p s  (?,A) become so 

Over mordeni te  pentane  c rack ing  and i somer i za t ion  a r e  accompanied by some 

1 .2 .2 .  I somer i za t ion  and c rack ing  of  n-heptane ove r  mechanical mix tures  of 
platinum-alumina and z e o l i t e s  (Y, mordeni te ,  ZSM5). 

The presence  of t h e  m e t a l l i c  component i n c r e a s e s  t h e  ca rboca t ion  format ion  
(Px + C:) and isomer deso rp t ion  (C:' + Px') r a t e s .  On b i f u n c t i o n a l  c a t a l y s t s ,  C z  f o r -  
mation involves  success ive ly  i )  t h e  a l c a n e  dehydrogenat ion  on t h e  m e t a l l i c  s i tes  
( r e a c t i o n  6) i i )  t h e  mig ra t ion  of t h e  in t e rmed ia t e  o l e f i n s  from t h e  m e t a l l i c  t o  t h e  
a c i d  s i t e s  and i i i )  t h e  adso rp t ion  of  o l e f i n s  on Bronsted a c i d  s i tes  ( s t e p  7). The 
isomer deso rp t ion  invo lves  t h e  r e v e r s e  sequence. 

A s  has  been mentionned by o t h e r  au tho r s  (18-20) i n  t h e  case  of heav ie r  
n-alkanes,  c r ack ing  always fo l lows  i somer i za t ion  : t h e  c rack ing  of l i n e a r  ca rboca t ions  
( s t e p  2 )  compared t o  t h e i r  i somer i za t ion  ( s t e p  3) and t o  t h e  c rack ing  of branched 
c a t i o n s  ( s t e p  4 )  i s  very  slow. I n  accordance  wi th  t h i s  s tep-by-s tep  pathway, i t  can  be 
observed t h a t  The i somer i za t ion lc rack ing  r a t e  r a t i o  ( r  / r  ) depends on t h e  amount of 
platinum-alumina i n  t h e  c a t a l y s t  ( i . e .  on t h e  r e s i d e n c i  t tme of t h e  in t e rmed ia t e  o l e f i n s  
on the  z e o l i t e ) .  A t  low platinum-alumina c o n t e n t s  t he  p roduc t s  r e s u l t  from a m u l t i s t e p  

- 
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a c i d  c a t a l y z e d  r e a c t i o n .  This  r e a c t i o n  l e a d s  t o  a t o t a l  c r a c k i n g  of each ind iv idua l  
molecule of dehydrogenated n-heptane : t h e r e f o r e ,  l i g h t  products  a r e  l a r g e l y  predomi- 
nant ,  rc i n c r e a s e s  f a s t e r  than  rI .  A t  h igh  platinum-alumina c o n t e n t s ,  t h e  i s o c a t i o n  
c racking  ( s t e p  4 )  now competes w l t h  i t s  d e s o r p t i o n  t o  i soheptanes  (C;' + Px ' )  and 
i n c r e a s e s  a t  th; expense of rc. rI/rc should i n  f a c t  i n c r e a s e  t o  a l i m i t  which W O U I ~  

depend on t h e  c h a r a c t e r i s t i c s  of t h e  z e o l i t e  p a r t i c l e s  ( s i z e  ; pore dimensions ; nature, 
s t r e n g t h  and d e n s i t y  of t h e  a c i d  s i t e s ) .  

l e c t i v i t y  of t h e  r e a c t i o n s  on s h a p e - s e l e c t i v e  m a t e r i a l s  depends on t h e  f r e q u e n t l y  simul- 
taneous i n f l u e n c e  of t h r e e  well-known f a c t o r s  : 

Taking i n t o  c o n s i d e r a t i o n  t h e  above examples i t  can be concluded t h a t  the se- 

a )  own c h a r a c t e r i s t i c s  o f  t h e  c a t a l y t i c  c e n t e r s  ; 
b)  l i m i t a t i o n s  to t h e  d i f f u s i o n  of r e a c t a n t s  and products  ; 
c )  s t e r i c  c o n s t r a i n t s  to t h e  format ion  o f  t r a n s i t i o n  s t a t e s .  
However, no ev idence  i s  found t h a t  d i f f u s i o n a l  l i m i t a t i o n s  o r  s t e r i c  cons- 

t r a i n t s  may l e a d  t o  t h e  format ion  o f  new i n t e r m e d i a t e s .  

2. C h a r a c t e r i z a t i o n  of z e o l i t e s  u s i n g  model r e a c t i o n s .  

The r e l a t i o n s h i p  between t h e  s t r u c t u r e  of z e o l i t e s  and t h e i r  s e l e c t i v i t y  i n  a 
given r e a c t i o n  may be used to s c r e e n  t h e  b e s t  c a t a l y s t s  t o  c h a r a c t e r i z e  t h e  poros i ty  of 
s y n t h e t i c  o r  modif ied m a t e r i a l s .  The informat ion  t h a t  w i l l  be obta ined  w i l l  depend on 
t h e  above f a c t o r s .  The i d e a l  c o n d i t i o n s  f o r  a good c h a r a c t e r i z a t i o n  of t h e  porous s t ruc-  
t u r e  a r e  t h e  fo l lowing  : i )  f a c t o r  a i s  known ; i i )  t h e  c o l l e c t e d  informat ion  concerns 
only  one o r  o t h e r  of f a c t o r s  b and c .  Moreover i n  every  c a s e  i t  i s  impor tan t  t h a t  t h e  
inf luence  of t h e  e x t e r n a l  s u r f a c e  on  t h e  a c t i v i t y  be known and i f  p o s s i b l e  suppressed ( 2 1 ) .  

2.1. D i f f u s i o n a l  l i m i t a t i o n s  ( f a c t o r  b )  

I n  o r d e r  to l i m i t  t h e  i n f l u e n c e  of s t e r i c  c o n s t r a i n t s  ( f a c t o r  c ) ,  r e a c t i o n s  

The r e l a t i v e  r e a c t i v i t i e s  of a s e r i e s  of o r g a n i c  compounds may be used. I n  
t h i s  c a s e  t h e  r e a c t i v i t y  may v a r y  a c c o r d i n g  t o  t h e  s i z e  of both t h e  r e a c t a n t  and the  
products .  Moreover as t h e  r e a c t a n t s  i n  one g iven  series (a lkanes ,  a l c o h o l s  ... ) d i f f e r  
s l i g h t l y ,  t h e  r e a c t i v i t y  can depend on t h e  c h a r a c t e r i s t i c s  of t h e  c a t a l y t i c  c e n t e r s  
( f a c t o r  a )  which may change from o n e  z e o l i t e  t o  t h e  o t h e r .  

One r e a c t a n t  undergoing c o m p e t i t i v e  r e a c t i o n s  can a l s o  be used.  I n  t h i s  case ,  
t h e  s e l e c t i v i t y  depends o n l y  on t h e  s i z e  of t h e  p r o d u c t s  and a more p r e c i s e  determina- 

involved proceed through t h e  same mechanism ( a s  i s  the  c a s e  f o r  m-xylene i somer iza t ion)  
t h e  i n f l u e n c e  of f a c t o r  a can  be c o n s i d e r e d  a s  n e g l i g i b l e .  

wel l  adapted t o  t h e  c h a r a c t e r i z a t i o n  of t h e  porous s t r u c t u r e  of z e o l i t e s  because t h e i r  
s e l e c t i v i t y  depends n o t  o n l y  on pore  s i z e  b u t  a l s o  on t h e  d e n s i t y  and a c t i v i t y  of ac id  
c e n t e r s .  

involv ing  o n l y  monomolecular i n t e r m e d i a t e s  a r e  recommended. f 

t i o n  of pore a p e r t u r e  can t h u s  be o b t a i n e d .  Moreover, i f  t h e  compet i t ive  r e a c t i o n s  I 

React ions  i n v o l v i n g  c o n s e c u t i v e  s t e p s  (e .g .  o-xylene i somer iza t ion)  a r e  not  

2 . 2 .  S t e r i c  c o n s t r a i n t s  i n  t h e  neighbourhood of t h e  a c t i v e  c e n t e r s  ( f a c t o r  c )  

Reac t ions  f o r  which d i f f u s i o n a l  l i m i t a t i o n s  ( f a c t o r  b) can be neglec ted  must 
be chosen. Those involv ing  b imolecular  t r a n s i t i o n  s t a t e s  a r e  p a r t i c u l a r l y  wel l  s u i t e d  
s i n c e  t h e  molecules  of b o t h  t h e  r e a c t a n t s  and t h e  products  a r e  g e n e r a l l y  much smal le r  
than  t h e  t r a n s i t i o n  s t a t e s .  However, even i n  t h i s  c a s e  the  e f f e c t  of f a c t o r  b cannot  
always be excluded ( s e e  1 . 2 . 1 .  c o n s t r a i n t  i n d e x ) .  

by comparing t h e  r a t e s  of t h e  b imolecular  r e a c t i o n  and of a n o t h e r  r e a c t i o n  wi thout  
s t e r i c  c o n s t r a i n t s .  

o f f e r i n g  the  p o s s i b i l i t y  of s e v e r a l  compet i t ive  t ransformat ions  through t h e  same mecha- 
nism (e .g .  format ion  of isomers)  w i t h  one a c t i n g  a s  t h e  "shape s e n s i t i v e "  r e a c t i o n  and 
t h e  o t h e r  as r e f e r e n c e .  The d i s p r o p o r t i o n a t i o n  of m-xylene i n t o  1,2,3- , 1,2,4- and 
1,3,5- t r imethylhenzenes o f f e r s  such  a p o s s i b i l i t y  inasmuch as t h e  formation of 1,3,5- 
t r imethylbenzene s u f f e r s  t h e  i n t e r v e n t i o n  of a b u l k i e r  i n t e r m e d i a t e  than t h a t  of 1,2,3- 
and 1,2,4- t r imethylbenzenes ( 2 2 ) .  

I n  p r a c t i c e  t h e  i n h i b i t i o n  t o  t h e  t r a n s i t i o n  s t a t e  formation can be measured 

To be f r e e  of the  i n f l u e n c e  of f a c t o r  a ,  i t  i s  convenient  t o  choose a r e a c t a n t  
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However, i f  t he  mechanisms of t h e  "shape s e n s i t i v e "  r e a c t i o n  and of t h e  
r e a c t i o n  taken a s  r e f e r e n c e  a r e  d i f f e r e n t  (e.g.  d i s p r o p o r t i o n a t i o n  and i somer i za t ion  
of aromat ics ) ,  f a c t o r  a becomes d e c i s i v e l y  impor tan t  s i n c e  t h e  r e l a t i v e  r a t e s  of  t r ans -  
format ion  in  t h e  two d i r e c t i o n s  may depend on t h e  d e n s i t y  and on the  s t r e n g t h  of  t h e  
a c i d  s i t e s .  

compounds can a l s o  be used ( e .g .  c o n s t r a i n t  index measurement).  Again a t t e n t i o n  must 
be drawn t o  t h e  f a c t  t h a t  d i f f e r e n t  r e a c t a n t s  e n t a i l  d i f f e r e n c e s  i n  r e a c t i v i t y  which 
could  be dependent on the  a c i d  s t r e n g t h  of t he  z e o l i t e .  

The d i f f e r e n c e s  i n  r e a c t i v i t i e s  of r eac t an t sbe long ing  t o  the  same c l a s s  of 

It can  be  n o t i c e d  f i n a l l y  t h a t  i t  is p s s i b l e  t o  c h a r a c t e r i z e  i n  one 
experiment f a c t o r s  b and c i f  t h e  r e a c t a n t  undergoes s e v e r a l  r e a c t i o n s  whose s e l e c t i -  
v i t i e s  depend f o r  some on ly  on f a c t o r  b ,  f o r  o t h e r s  o n l y  on f a c t o r  c. Such i s  t h e  
c a s e  f o r  m-xylene t r ans fo rma t ion  ( 5 )  : t h e  i somer i za t ion  s e l e c t i v i t y  s u p p l i e s  i n f o r -  
mation on p r e  s i z e  whi le  t h e  disproportionation/isomerization r a t e  r a t i o  a s  Well as 
t h e  d i s t r i b u t i o n  of t h e  t r imethylbenzenes  s u p p l i e s  i n fo rma t ion  on t h e  space  d i sposab le  
in  the  neighbourhood of t h e  a c t i v e  s i t e s .  
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I N T R O D U C T I O N  

Z e o l i t e s  c o n v e r t  m e t h a n o l  i n t o  h y d r o c a r b o n s .  The most i n t r i g u i n g  
problem c o n c e r n i n g  t h e  mechanism o f  t h e  c o n v e r s i o n  i s  t h e  way o f  
forming c a r b o n - c a r b o n  bonds from methanol .  Chang and S i l v e s t r i ( 1 )  
proposed  t h e  p a r t i c i p a t i o n  o f  c a r b e n o i d  s p e c i e s ,  which i s  assumed 
t o  be  produced  by  a c o n c e r t e d  a - e l i m i n a t i o n  mechanism, i n v o l v i n g  both  
a c i d i c  and b a s i c  s i t e s .  Kaeding and B u t t e r c 2 )  proposed  a mechanism 
i n v o l v i n g  t h e  r e a c t i o n  o f  a n  i n c i p i e n t  methyl  carbenium i o n  from 
p r o t o n a t e d  d i m e t h y l  e t h e r  ( o r  methanol )  and t h e  methyl  group of d i -  
methyl  e t h e r ,  a t  which a n e g a t i v e  c e n t e r  i s  c r e a t e d  by t h e  a i d  o f  an 
a n i o n i c  s i t e  on t h e  c a t a l y s t .  The a t t a c k  o f  methyl  carbenium i o n  I 

on t h e  C - H  bond o f  methyl  g r o u p  i s  more s t r e s s e d  i n  t h e  mechanism 
i n v o l v i n g  a p e n t a c o o r d i n a t e d  c a r b o n  c e n t e r ( 3 , 4 ) ,  a s  o r i g i n a l l y  p r o -  
posed i n  t h e  p o l y m e r i z a t i o n  o r  a l k y l a t i o n  o f  methane i n  s u p e r a c i d  
c h e m i s t r y ( 5 , 6 ) .  van d e r  Berg e t  a l .  ( 7 )  s u g g e s t e d  t h a t  t h e  S t e v e n s -  I 

t y p e  r e a r r a n g e m e n t  o f  t r i m e t h y l  oxonium ion  c o u l d  be t h e  f i r s t  s t e p  

proposed by Z a t o r s k i  and Krzyzanowsky(8) .  Apar t  from t h e  d e t a i l e d  
mechanism o f  t h e  C - C  bond f o r m a t i o n ,  t h e  r e a c t i o n  i s  s u g g e s t e d  t o  
have an  a u t o c a t a l y t i c  c h a r a c t e r ( 4 , 9 , 1 0 ) .  Here ,  t h e  o r i g i n  of  t h e  
a u t o c a t a l y t i c  phenomena and i t s  i m p l i c a t i o n  f o r  t h e  mechanism i s  
d i s c u s s e d ,  and t h e n  t h e  scheme o f  t h e  f i r s t  C - C  bond f o r m a t i o n  i s  
d i s c u s s e d  t o  c o n c l u d e  t h a t  "methyl  carbenium ion"  s p e c i e s  i s  t h e  
most p l a u s i b l e  i n t e r m e d i a t e .  

I 

o f  t h e  C - C  bond f o r m a t i o n .  The i n t e r m e d i a c y  o f  methyl  r a d i c a l  was I 

RESULTS AND nISCUSSION 

A u t o c a t a l y t i c  Phenomena 
The a u t o c a t a l y t i c  b e h a v i o r  o f  t h e  c o n v e r s i o n  was f i r s t  p o i n t e d  

o u t  by Chen and Reagan(9) ,  who n o t i c e d  t h a t  t h e  r a t e  o f  c o n v e r s i o n  
of methanol  was v e r y  s low a t  low c o n v e r s i o n  l e v e l s ,  b u t  i t  a c c e l e -  
r a t e d  r a p i d l y  a s  t h e  c o n c e n t r a t i o n  o f  hydrocarbons  i n c r e a s e d .  
Another  f e a t u r e  o f  t h e  a u t o c a t a l y s i s  i s  observed  i n  t h e  dependence 
of t h e  hydrocarbon y i e l d  on  t h e  r e a c t i o n  t e m p e r a t u r e ( l 0 ) .  Thus,  
t h e  a b r u p t  i n c r e a s e  o f  t h e  hydrocarbon y i e l d  i s  o b s e r v e d  i n  a s m a l l  
t e m p e r a t u r e  r a n g e ,  and t h e  t e m p e r a t u r e  of  t h e  jump depends  on t h e  
a c i d i t y  o f  ZSM-5 z e o l i t e .  
t e m p e r a t u r e  i s  o b s e r v e d  a l s o  f o r  t h e  c o n v e r s i o n  o v e r  f e r r i e r i t e .  

The a u t o c a t a l y s i s  was more c l e a r l y  v i s u a l i z e d  i n  t h e  r e a c t i o n  
under  l o w - p r e s s u r e  and l o w - t e m p e r a t u r e  c o n d i t i o n s ( 4 ) .  The r e a c t i o n  
was c a r r i e d  o u t  i n  a g a s - r e c i r c u l a t i o n  sys tem.  A t  492 K ,  o n l y  a 
small amount of h y d r o c a r b o n s  was formed f o r  t h e  f i r s t  8 h ,  though 
m o s t  o f  methanol  was c o n v e r t e d  i n t o  d i m e t h y l  e t h e r .  A f t e r  1 2  h ,  
t h e  hydrocarbon y i e l d  i n c r e a s e d  a b u r p t l y ,  r e a c h i n g  80 % a t  18  h .  
A t  h i g h e r  t e m p e r a t u r e s ,  t h e  r e a c t i o n  proceeded  i n  a s i m i l a r  f a s h i o n ,  
b u t  f a s t e r .  The i n d u c t i o n  p e r i o d  l a s t e d  f o r  4 - 5  and 1 . 5 - 2  h a t  
512 and 531 K ,  r e s p e c t i v e l y .  These  k i n e t i c  f e a t u r e s  i n d i c a t e  
c l e a r l y  t h e  a u t o c a t a l y t i c  n a t u r e  o f  t h e  c o n v e r s i o n .  

The jump of  t h e  hydrocarbon y i e l d  w i t h  
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In order to confirm that the reaction is autocatalytic, some of 
the reaction products were added to the starting methanol. The 
addition of ethylene o r  cis-2-butene (5 % of methanol in moles) de- 
creased the "induction period" to 2 h at 512 K. This is about half 
Of the period in the reaction with pure methanol. On the other 
hand, the addition of paraffins had no effect on the induction period. 
Therefore, it is concluded that the autocatalysis is caused by the 
reaction of methanol and olefins, which is much faster than the re- 
action to produce incipient olefins. Thus, as proposed by Chen and 
Reagen(9),the reaction can be divided into the following two steps. 

olefins (ethylene) CH30H kl . 
olefins (+ paraffins) k2 , olefins + CH30H 

The ratio of the rate constants (kl/kZ) for the two reactions was 
estimated as 7 x 10-4 and 1.1 x 10-3, respectively(4). 
change of the conversion with temperature, as observed in a flow 
system, may be caused at the temperature, at which the certain 
amount of olefins is accumulated in a reactor. As for the mechanism, 
one must consider the two steps separately. The second step, the 

methylation of olefins, for which Bronsted acid sites are responsible, 
as first pointed by Anderson et al.(ll). The scheme of the first 
step will be discussed below. 

Conversion of Methanol over Nafion-H and Heteropolyacids 
To obtain information on the sites responsible for the conver- 

sion, the reaction was carried out in a gas-recirculation system 
over the catalyst with preadsorbed pyridine. Prior to the reac- 
tion, the catalyst was exposed to pyridine vapor for 2 h at 473 K, 
and then evacuated at 512 K for 1 h. The only product observed 
was dimethyl ether and no hydrocarbons were produced in 47 h. The 
reaction over Na-ZSM-5 give a similar result. These facts indicates 
that the acid sites plays a decisive role in the formation of hydro- 
carbons. This implies that the reaction should proceed also over 

The abrupt 

\ 

1 propagation of the carbon-chain, plausibly involves the electrophilic 

7 

1 

I strongly acidic solid other than zeolites. 
Nafion-H, a perflorinated resin sulfonic acid, is known to have 

high catalytic activities for the alkylation of benzene with alcohols 
and the methylation of phenol with methanol, and is reported to be 
a solid superacid. The conversion of methanol over Nafion-H was 
examined with a closed-recirculation system(4). Methanol of  7.7 x 
l o 3  Pa was introduced over 1 g of Nafion-H at 512 K, and the gas- 
phase composition was analyzed at appropriate intervals. Dimethyl 
ether is the only product for the first 2 h, and after 2 h, the rate 
of hydrocarbon formation was accelerated with time, which is characte- 
ristic of an autocatalytic reaction. The fact that the features of 
the conversion over Nafion-H resembles those over ZSM-5 strongly 
indicates that Bronsted acid sites are active centers for the con- 
ver s ion. 

highly acidic solid, also had high activities for methanol conver- 
sion(l2). 

It was found that dodecatungstophosphoric acid ( H ~ P W ~ ~ O ~ O ) ,  a 
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I n t e r a c t i o n  o f  Methanol  w i t h  ZSM-5, I n f r a r e d  S tudy  

I n f r a r e d  s p e c t r o s c o p i c  s t u d y  r e v e a l e d  t h a t  methanol  (CD30H) 
r e a c t s  w i t h  t h e  a c i d i c  h y d r o x y l  group o f  ZSM-5 t o  form methoxyl  
group (CD30-) a t  423 K .  When t h e  z e o l i t e  which b e a r e d  CD3O- 
groups  was h e a t e d  a t  512 K ,  t h e  CD3 bands  c o m p l e t e l y  d i s a p p e a r e d  
a n d b a n d s  due t o  0-ll s t r e t c h i n R  a n n e a r e d , i n d i c a t i n g  t h a t  t h e  d e s o r p -  
t i o n  of  methoxyl  groups  i s  accompanied w i t h  t h e  c l e a v a g e  o f  C - D  
bonds.  The a n a l y s i s  o f  m o l e c u l e s  d e s o r b e d  from t h e  s u r f a c e  
r e v e a l e d  t h a t  t h e  d e c o m p o s i t i o n  o f  t h e  methoxyl  groups  l e a d s  t o  
t h e  f o r m a t i o n  o f  h y d r o c a r b o n s .  

i n d i c a t i n g  t h a t  t h e  s u r f a c e  methoxyl  groups  can be a s o u r c e  o f  
"methyl  carbenium i o n s " .  I n  o t h e r  words ,  t h e  "methoxyl groups"  
i n  ZSM-5 c o u l d  b e  more p r o p e r l y  comprehended a s  p a r t  o f  a methyl  
e s t e r  o f  t h e  z e o l i t i c  a c i d  t h a n  a s  p a r t  of  a m e t a l  a l k o x i d e ,  j u s t  
a s  a methyl  group i n  d i m e t h y l  s u l f a t e ,  a good m e t h y l a t i n g  a g e n t .  

S e l f c o n d e n s a t i o n  o f  Methyl  I o d i d e  o v e r  Ag3F12240  
I n  o r d e r  t o  a s c e r t a i n  t h e  r o l e  o f  methyl  carbenium i o n s  i n  t h e  

f o r m a t i o n  o f  c a r b o n - c a r b o n  bonds ,  t h e  a t t e m p t  t o  g e n e r a t e  them was 
made; methyl  i o d i d e  was r e a c t e d  w i t h  Ag3PW12040. Methyl  carbenium 
i o n s  were supposed t o  b e  g e n e r a t e d  a c c o r d i n g  t o  E q . ( l )  b e c a u s e  o f  
t h e  h i g h  tendency  o f  f o r m i n g  s i l v e r  i o d i d e ,  and t h e n  t o  a t t a c k  t h e  
carbon-hydrogen  bonds o f  r e m a i n i n g  methyl  i o d i d e .  

The r e a c t i o n  o f  t h e  methoxyl  group w i t h  benzene gave t o l u e n e ,  

3CH31 + Ag3PW12040L3CH; + [PW12040]3' + 3AgI (1)  

+CH; +Ag+ - H+ +CH; 

C H 3  I ' C 2 H 5 1  -AgI C2H;- 'ZH4 C3H; 
- H+ .. 

C3H6 
A 

The e x p e c t e d  o v e r a l l  r e a c t i o n  i s  summarized a s  

/ 

3CH31 + Ag3PW12040- 3AgI + H3PW12040 + hydrocarbons  
Exper iments  were c a r r i e d  o u t  a s  f o l l o w s .  The powder o f  Ag PWl20 0 
(0 .28 mmol) was r e a c t e d  w i t h  methyl  i o d i d e  v a p o r  (1 .80  mmolf a t  4?3 
o r  573 K i n  a c l o s e d - r e c i r c u l a t i o n  sys tem.  The r e s u l t s  a r e  g i v e n  
i n  T a b l e  1. The r e a c t i o n  was a l m o s t  f i n i s h e d  by t h e  t i m e  when t h e  
f i r s t  a n a l y s e s  were made, 1 5  and 5 min f o r  t h e  r e a c t i o n  a t  423 and 
573 K ,  r e s p e c t i v e l y ,  t h e  o n l y  minor  change i n  t h e  g a s - p h a s e  com- 
p o s i t i o n  b e i n g  o b s e r v e d  t h e r e a f t e r .  About 3 moles  o f  methyl  i o d i d e  
d i s a p p e a r e d  from t h e  g a s  p h a s e ,  a n d ,  a t  t h e  same t i m e ,  most o f  
carbon atoms from consumed methyl  i o d i d e  a p p e a r e d  a s  h y d r o c a r b o n s ,  
a s  was e x p e c t e d  from E q . ( 2 ) .  I t  s h o u l d  be  n o t e d  t h a t  methyl  i o d i d e  
does n o t  c o n v e r t  i n t o  hydrocarbons  o v e r  H3PW12040 o r  ZSM-5 even  a t  
573 K .  A t  573 K ,  t h e  d i s t r i b u t i o n  o f  t h e  hydrocarbon p r o d u c t s  of  
t h e  s t o i c h i o m e t r i c  r e a c t i o n  o f  CH3I and Ag3PW12040 a r e  v e r y  s i m i l a r  
t o  t h a t  o f  t h e  p r o d u c t s  i n  t h e  c a t a l y t i c  c o n v e r s i o n  o f  methanol  over  
Ag3PW12040 s u p p o r t e d  on a c t i v e  c a r b o n ,  i n d i c a t i n g  t h a t  t h e  mecha- 
nism o f  t h e  p r o p a g a t i o n  o f  t h e  c a r b o n - c a r b o n  c h a i n  i s  t h e  same i n  
t h e  two s y s t e m s .  

e s s e n t i a l  r o l e  i n  t h e  f o r m a t i o n  o f  c a r b o n - c a r b o n  bonds .  I t  i s  
worthy of n o t e  t h a t  hydrocarbon f o r m a t i o n  i s  f a s t  i n  t h e  CH3I- 
Ag3PW1204 sys tem even  a t  423 K .  A t  t h e  same t e m p e r a t u r e ,  methanol  
g i v e s  metfioxyl group o v e r  ZSM-5 and y i e l d s  d i m e t h y l  e t h e r ,  b u t  n o t  

The r e s u l t s  c l e a r l y  shows t h a t  methyl  carbenium i o n s  p l a y  an  
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T a b l e  1 R e a c t i o n  P r o d u c t s  o f  R e a c t i o n  o f  C H 3 I  and  Ag3PW12040 

Temperature/K 
R e a c t i o n  t ime/min 1 5  

C H 3 I  consumed/mmol(B) 0 .95  
B / A  3 .4  
Carbon atoms i n  
hydrocarbons/mmol (C) 
C / A  3 . 0  

D i s t r i b u t i o n  o f  Hydrocarbons 

Ag3PW1204~ used/mmol(A) 

0 .83  

* 

CH 4 0 
C Z H ,  0 . 1  
C 2 H 6  - 
C 3 H 6  0 . 3  
C 3 H a  0 
C 4 H e  1 1 . 9  
C 4 H 1 Q  33 .7  
c 5  2 3 . 2  
CK 8 . 2  
c7 1 8 . 2  
C S  4 . 3  

423 

0 .28  
30 

1 . 0 4  
3 .7  
0 . 7 5  
2 . 7  

0 . 2  
0 

0 . 7  
0 

1 7 . 3  
3 4 . 1  
23 .0  

9 . 9  
1 3 . 9  

0 . 9  

- 

573 
5 40 

0 . 2 8  
0 .80  1 . 2 2  
2 . 9  4 . 4  
0 .82  0 . 8 1  
2 . 9  2 .9  

6 . 3  5 . 9  
1 0 . 5  7 . 9  

2 1 . 2  1 0 . 8  
8 . 4  28 .3  

2 1 . 2  1 5 . 9  
1 2 . 5  1 7 . 8  
1 3 . 5  1 0 . 0  

6 . 3  3 . 3  
0 . 1  0 . 1  
0 

- - 

- 

* *  
573 

6 . 8  
1 6 . 6  

0 . 6  
1 8 . 7  

5 . 6  
33 .9  
1 0 . 6  

7 .2  

* D i s t r i b u t i o n s  were c a l c u l a t e d  on carbon-number b a s i s  e x c l u s i v e  of \ 
e t h a n e  used a s  an  i n t e r n a l  s t a n d a r d .  S e p a r a t e  e x p e r i m e n t s  r e v e a l -  
ed t h a t  e t h a n e  y i e l d  was n e g l i g i b l e  a t  423 K and  1.0 % a t  573 K .  

* *  Hydrocarbon d i s t r i b u t i o n  i n  methanol  c o n v e r s i o n  o v e r  AgsPWirOsa 
s u p p o r t e d  on a c t i v e - c a r b o n  u n d e r  t h e  c o n d i t i o n s  o f  W/F = 50 g h 
mol and methanol  p r e s s u r e  of 1 0  x 1 . 3  kPa. 

h y d r o c a r b o n s .  D i f f e r e n c e  i n  t h e  t e m p e r a t u r e  r e q u i r e d  f o r  C - C  bond 
f o r m a t i o n  i n  t h e  two s y s t e m s  i n d i c a t e s  t h a t  t h e  r e a c t i v i t y  o f  CH3 
moie ty  depends  on  t h e  c h e m i c a l  e n v i r o n m e n t ,  where CH3 moie ty  i s  
l o c a t e d .  The l e s s  r e a c t i v e  CH3 i n  methoxyl  g r o u p s  i n  ZSM-5 need  
h i g h e r  t e m p e r a t u r e  t o  b e  r e a c t i v e  enough t o  a t t a c k  on C - H  bonds ,  i n  
compar ison  w i t h  i n c i p i e n t  CH3' from by t h e  s t o i c h i o m e t i i c  r e a c t i o n .  
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I NTRODUCT I ON 

Carboxylic acids are readily converted to aromatic hydrocarbons 
over ZSM-5 zeolites (1). The initial step of the reaction 
sequence involves oxygen elimination by decarboxylation, 
decarbonylation and/or dehydration. The residual hydrocarbon 
moiety is then aromatized, we believe, via classical carbenium 
ion pathways ( 2 ) .  

The reaction causes rapid catalyst deactivation, which can be 
alleviated by adding methanol to the feed (3). The synergistic 
effect of methanol on acetic acid aromatization is the subject of 
this study. 

EXPER I MENTAL DATA 

A. FIXED BED RESULTS 

Acetic Acid 

Acetic acid was reacted over HZSM-5 at 316°C and 370°C, 1 
atm., 1 LHSV. Results are shown in Table 1. At 316"C, activity 
is low (8% conversion). Decarboxylation is the principal mode of 
oxygen elimination, resulting in acetone and hydrocarbons, mainly 
isobutylenes and aromatics. At 370°C, both decarboxylation and 
dehydration are important, however, catalyst deactivation is 
rapid, with conversions dropping from 100% to 71.4% in 1.3 hr. 

Again the main products are acetone, isobutylene and 
aromatics. Decarbonylation is a relatively minor reaction. 

Acetic Acid/Methanol Mixture 

A 4/1 molar mixture of methanol/acetic acid was reacted over 
HZSM-5 at 370°C, 1 atm., 1 As seen in Table 1, the conversion 
remains quantitative after 3 hr. No evidence of catalyst 
deactivation was seen during this period. The addition of 
methanol suppresses C02 formation, and dehydration becomes the 
main oxygen-elimination reaction. The hydrocarbons are mostly 
aromatic ( 7 9 % ) .  
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8 .  FLUID-BED RESULTS 

Experimental  d a t a  a r e  presented i n  Table 2 .  Two conversions 
a r e  presented f o r  each run .  "Tota l  conversion" r ep resen t s  t h e  
conversion t o  a l l  p roducts ,  while  "conversion t o  non-oxygenates" 
r ep resen t s  conversion t o  a l l  hydrocarbon, COX and H20 products .  . 
The o v e r a l l  y i e l d s  from t h e  methanol experiment are i n  reasonable  
agreement with d a t a  obtained in  t h e  f l u i d  bed MTG process  (5). 
The hydrocarbon gas  products ,  however, a r e  h igher  i n  propene and 
lower in  isobutane probably due t o  t h e  lower r e a c t i o n  pressure  
used i n  t h i s  s tudy .  

Acet ic  Acid and Methylacetate  

The d a t a  obtained f o r  a c e t i c  ac id  i l l u s t r a t e  s e v e r a l  
i n t e r e s t i n g  p o i n t s  which can be con t r a s t ed  wi th  t h e  e a r l i e r  
continuous opera t ion  i n  a f ixed  bed. F i r s t ,  t o t a l  conversions 
>90% may be maintained i n d e f i n i t e l y  provided per i o d i c  c a t a l y s t  
regenera t ion  is employed. The experimental  d a t a  show t h a t  
decarboxylat ion t akes  p l ace  t o  a l a r g e  e x t e n t .  

hydrocarbon a s  methanol. The lower y i e l d  is p r imar i ly  due t o  
carbon loss by decarboxyla t ion ,  and t o  a smal l  ex ten t ,  t o  coke 
and CO product ion.  

On a weight b a s i s ,  a c e t i c  ac id  y i e l d s  less than  40% a s  much 

\ 

Methyl a c e t a t e  has  a higher carbon con ten t  (48.65 C) than  
a c e t i c  a c i d  and methanol and d e s p i t e  decarboxyla t ion  and coke, 
the observed hydrocarbon y i e l d  remains comparable t o  t h a t  of 
methanol. Moreover, s e l e c t i v i t y  fo r  d i r e c t  conversion t o  C5'  
hydrocarbons is  higher  than t h a t  of a c e t i c  a c i d  or methanol 
( 7 9 . 5 % ) .  Thus, t h e  d i r e c t  y i e l d  of C g t  l i q u i d  hydrocarbons is 
32.15 on charge vs  23.3% f o r  methanol. 

Acet ic  Acid/Methanol Mixtures  

Processing a 1.9/1 or a 3.8/1 molar m i x t u r e  of  CH30H and 
, a c e t i c  ac id  provided observa t ions  s i m i l a r  t o  fixed-bed r e s u l t s ,  

i . e .  an enhancement in C5' l i q u i d  y i e l d  a t  t h e  expense of Cq-  vs 
what might be expected i f  t h e  mixture behaved a s  t h e  average of 
i t s  two components, t h e  c a l c u l a t e d  va lues  f o r  which a r e  shown in 
parentheses  i n  Table 2. The s e l e c t i v i t i e s  of t h e  hydrocarbon 
products  amplify t h e  observed synergism with r e s p e c t  t o  C g t  
l i q u i d s .  Furthermore,  t h e r e  i s  an enhancement in  t o t a l  
hydrocarbon y i e l d  vs  l i n e a r  combination e x p e c t a t i o f i s -  

This is i l l u s t r a t e d  i n  F igure  1 which shows t h e  e f f e c t  o f  
i nc reas ing  mole pe rcen t  methanol i n  t h e  MeOH/acetic ac id  charge 
and a t t endan t  decrease  i n  oxygen r e j e c t i o n  a s  C 0 2  and inc rease  in  
oxygen removal as H 2 0 .  Thus, more carbon remains a v a i l a b l e  t o  
form hydrocarbon products ,  much of it becoming C5' l i q u i d s .  
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DISCUSSION 

A. AROMATIZATION PATHWAY FOR ACETIC ACID 

As shown previously, the major initial products of acetic 
acid reaction over HZSM-5 are acetone, isobutylene and Cot. 

Acetone formation from acetic acid is a known reaction and 
is often referred to as "ketonization" (6,7). The reaction was 
originally observed on 3d-oxides, but has been reported for 
Si02/A1203 and mordenite ( 8 , 9 )  catalysts. The mechanism of 
ketonization via decarboxylation is discussed later. 

Isobutylene formation from acetone decomposition over silica 
gel and Si02-Al203 (8,9,10) and zeolites (1,12) has also been 
reported. The reaction mechanism over acid zeolites is believed 
to involve an aldol condensation followed by p-scission (12): 

- -H 20 H+ 
Z(CH3)CO - (CH3)2C-CHCOCH3 - 

h 
+ I  

(CH312CCH2 - COCH3 ---F. H20 (CH3) 2C=CH2 
-H+ 

+ CH3COOH 

In the present case, the isobutylene is converted by HZSM-5 to 
aromatics and paraffins, while the acetic acid re-enters the 
catalytic cycle. 

Neglecting catalyst deactivation for the moment, the main 
reactions of hydrocarbon formation from acetic acid over HZSM-5 
are summarized in the following scheme: 

Scheme A 

CH3COOH X CH3COOH (CH3)2C=CH2 [CH21x 

C02 + H20 

[CH2lr = aromatics t paraffins 

2 (CH3 1 2CO 

B. MECHANISM OF CATALYST DEACTIVATION AND THE ROLE OF METHANOL 

The ketonization of acetic acid over 3d-oxides such as 
chromia and Ti02 at 35Oo-46O0C has been shown to involve the 
bimolecular nucleophilic attack of an acylium ion by an acetate 
species with C02 elimination (7,13): 

0 
+ p? 4 

CH3CO + CH3-C-0 (CH3)zCO + C02 
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Over the Ti02, the acylium ion precursor was ketene, detected by 
IR (7). 

It seems reasonable to assume a similar mechanism for 
strongly acidic zeolites, except that in this case, the acylium 
ion may be directly generated: 

+ -  
CH3COOH + HO-zeol - CH3C0 0-zeol + H20 

At sufficiently high temperature, an acetate species results, as 
has been reported for NaHY (14): 

350'C - +  
RCOOH + HO-zeol - RCOO + zeol + H20 

Note that this is a zeolite dehydroxylation. The crystallinity 
of Na mordenite is gradually destroyed in ketonization of AcOH 
and EtCB2H at 200-450°C (8). ZSM-5, however, is regenerable, as 
shown in the fluid studies. 

We assume that dehydroxylation is the primary mechanism of 
zeolite deactivation by carboxylic acids. We propose that the 
acylium ion is the precursor to acetate 

+ -  A - +  
CH3CO 0-zeol - CH~COO t zeol 

and that methanol "traps" the acylium i o n  

CH30H [:CHz] t H2O 
+ -  t 

CH3CO + :CH2 A CH3COcH2 

The resulting a-ketocarbenium ion is converted to acetone by 
hydride abstraction from a suitable source, e.g. isoalkane. 

+ 
CH3COCH2 + RH - (CH3)zCO + Rt 

As support for this step we cite the AlC13-catalyzed conversion 
of pivaloyl chloride to methylisopropyl ketone in the presence of 
isopentane as hydride source (15): 

C C 

c-c-c - \ 40 -c1- c\t R RH \ R  

-/ \~ 
c c1 

c-8-c - 'c-r-c 
/ 

C 
/ 

C 

This intervention by methanol, therefore, competes with acetate 
formation, C02 formation and attendant zeolite 
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dehydr oxyia t ion/deac t i v a t  ion.  
summarized a s  Scheme B. 

The proposed mechanism i s  

Scheme B 

T h i s  scheme can obviously be adapted t o  methyl a c e t a t e  conversion 
by including t h e  equ i l ib r ium between methyl a c e t a t e ,  methanol and4 
a.cetic ac id .  

Figure 1. 
OXYGEN REJECTION VS. MOCE PERCENT MEMANIX IN FEED 

0 20 40 60 80 
MOLE PERCENT METHANOL IN METHANOL-ACETIC ACID FEED 
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- 2 -  

Z e o l i t e  c a t a l y s t s  o f  medium-pore  s i z e  a r e  g e t t i n g  i n c r e a s i n g  
a c c e p t a n c e  i n  commerc ia l  p r o c e s s e s ,  e . 9 . .  i n  hydrodewax ing  
o f  m i d d l e  d i s t i l l a t e s .  I n  t h i s  p r o c e s s  n - p a r a f f i n s  and p a r t  
o f  t h e  i s o m e r s  w i t h  one  me thy l  b r a n c h i n g  a r e  s e l e c t i v e l y  
h y d r o c r a c k e d  i n  o r d e r  t o  improve  t h e  low t e m p e r a t u r e  p r o -  
p e r t i e s ,  e s p e c i a l l y  t h e  p o u r  p o i n t .  N o n e t h e l e s s ,  r e l a t i v e l y  
l i t t l e  i s  known on t h e  s h a p e - s e l e c t i v i t y  e f f e c t s  o c c u r i n g  
d u r i n g  h y d r o c o n v e r s i o n  o f  l o n g - c h a i n  a l k a n e s  on medium-pore  
z e o l i t e s .  R e c e n t l y ,  t he  a u t h o r s  r e p o r t e d  (1 )  on t h e  s h a p e -  
s e l e c t i v e  i s o m e r i z a t i o n  and  h y d r o c r a c k i n g  o f  n - d e c a n e  on 
P e n t a s i l  z e o l i t e s .  The p r e s e n t  p a p e r  e x t e n d s  t h e s e  d a t a  t o  
t h e  homologous  s e r i e s  o f  n - a l k a n e s  w i t h  9 t o  1 6  c a r b o n  a toms .  

A Pt/HZSM-5 z e o l i t e  c a t a l y s t  was employed  t h r o u g h o u t  t h i s  
s t u d y .  The z e o l i t e  w i t h  a Si/A1 r a t i o  o f  60 was p r e p a r e d  
a c c o r d i n g  t o  p u b l i s h e d  me thods  ( 2 ) .  I t  was l o a d e d  w i t h  0 . 5  
w t . - %  o f  p l a t i n u m  by c o n t a c t  w i t h  an  aqueous  s o l u t i o n  o f  
[ P t ( N H 3 ) 4 ] C 1 2 .  The c a t a l y t i c  e x p e r i m e n t s  were  c o n d u c t e d  w i t h  
t h e  pure n - a l k a n e s  i n  a hydrogen  a t m o s p h e r e  a t  a t o t a l  p r e s s u r e  
o f  2 MPa and  a h y d r o c a r b o n  p a r t i a l  p r e s s u r e  o f  20 kPa e x c e p t  
f o r  n - h e x a d e c a n e  w h e r e  t h e  l a t t e r  was 1 0  k P a  t o  a v o i d  conden-  
s a t i o n  a t  low r e a c t i o n  t e m p e r a t u r e s .  A f i x e d  bed r e a c t o r  was 
u s e d ’  w / F n - a ]  kane  was i n  t h e  o r d e r  o f  100  g . h / m o l .  With e a c h  
f e e d  t he  r e a c t i o n  t e m p e r a t u r e  was v a r i e d  be tween 200 and 
300 O C  so t h a t  a w ide  r a n g e  o f  c o n v e r s i o n  c o u l d  be c o v e r e d .  
P r o d u c t  a n a l y s i s  was a c h i e v e d  by c a p i l l a r y  G L C  t e c h n i q u e s .  

Two t y p e s  o f  r e a c t i o n  o c c u r  d u r i n g  h y d r o c o n v e r s i o n  o f  n -  
a l k a n e s  on Pt/HZSM-5, v i z .  i s o m e r i z a t i o n  and h y d r o c r a c k i n g .  
In F i g .  1 t h e  y i e l d s  o f  b r a n c h e d  i s o m e r s  and o f  h y d r o c r a c k e d  
p r o d u c t s  a r e  p l o t t e d  v e r s u s  t e m p e r a t u r e  f o r  t h e  e x p e r i m e n t s  
w i t h  n -nonane  and  n - p e n t a d e c a n e .  

15 4 



F 
- 3 -  

100 

B O  
2 

0 60 
-I 

w 
> LO 

I '  " I ' I ' I  
- F E E D  : n - C g H 2 0  
- 

crocked products 

- 

200 220 2LO 260 280 

F E E D  : n - C g H 2 0  

crocked products 

I -  9 H20 

20 
t 

0 
200 220 2LO 260 280 220 240 260 

REACTION T E M P E R A T U R E  , ' C  

\ 

I 

F i g .  1: H y d r o c o n v e r s i o n  o f  n - N o n a n e  a n d  n - P e t a d e c a n e  
on  P t /HZSM-5  

W h i l e  n - n o n a n e  c a n  b e  i s o m e r i z e d  u n d e r  m i l d  c o n d i t i o n s  w i t h -  

o u t  s i g n i f i c a n t  h y d r o c r a c k i n g  t h e  y i e l d  o f  i - p e n t a d e c a n e s  
f r o m  n - p e n t a d e c a n e  i s  l o w  t h r o u g h o u t  t h e  w h o l e  r a n g e  o f  
t e m p e r a t u r e  a n d ,  h e n c e ,  o f  c o n v e r s i o n .  T h e  q u a n t i t a t i v e  e v a -  

l u a t i o n  o f  t h e  i n f l u e n c e  o f  r e a c t i o n  t e m p e r a t u r e  o n  c o n v e r -  
s i o n  shows  t h a t  t h e  a p p a r e n t  e n e r g y  o f  a c t i v a t i o n  d e c r e a s e s  

w i t h  i n c r e a s i n g  c h a i n  l e n q t h .  T h i s  c o u l d  i n d i c a t e  i n c r e a s i n g  
d i f f u s i o n a l  r e s i s t a n c e s .  

T h e  d i s t r i b u t i o n s  o f  i - a l k a n e s  f o r m e d  b y  i s o m e r i z a t i o n  o f  t h e  
n - a l k a n e s  d i f f e r  s u b s t a n t i a l l y  f r o m  t h o s e  o b s e r v e d  o v e r  

f a u j a s i t e  z e o l i t e s  ( 3 ) .  I n  p a r t i c u l a r ,  m e t h y l  i s o m e r s  s t r o n g l y  
p r e d o m i n a t e  o n  P t /HZSM-5  u p  t o  9 0  % c o n v e r s i o n .  S m a l l  a m o u n t s  
o f  d i m e t h y l  i s o m e r s  w i t h  o n e  b r a n c h i n g  i n  t h e  2 - p o s i t i o n  a r e  
a l s o  f o r m e d  w h i l e  e t h y l  i s o m e r s  a r e  a b s e n t .  T h e s e  r e s u l t s  
a r e  b e s t  i n t e r p r e t e d  i n  t e r m s  o f  p r o d u c t  s h a p e - s e l e c t i v i t y .  
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D i s t r i b u t i o n s  of i n d i v i d u a l  methyl  i s o m e r s  formed f rom t h r e e  
s e l e c t e d  n-a1  kanes  a t m o d e r a t e  c o n v e r s i o n s  a r o u n d  1 0  7: a r e  
g i v e n  i n  T a b l e  1 .  T h e  main p r o d u c t  f rom n -nonane  i s  2 - m e t h y l -  
o c t a n e .  This  i s  i n  p r i n c i p a l  a g r e e m e n t  w i t h  o u r  e a r l i e r  
r e s u l t s  ( 1 )  o f  n - d e c a n e  c o n v e r s i o n  on Pt/HZSM-5 and m i g h t  
r e f l e c t  a r e s t r i c t e d  t r a n s i t i o n  s t a t e  s h a p e - s e l e c t i v i t y .  
O n  t h e  o t h e r  h a n d ,  r o u g h l y  e q u a l  amoun t s  o f  i n d i v i d u a l  
me thy l  i s o m e r s  a r e  fo rmed  f rom n - t r i d e c a n e  and  n - p e n t a d e -  
c a n e  ( T a b l e  1 ) .  T h e s e  d i s t r i b u t i o n s  a r e  p r o b l a b l y  c l o s e  
t o  e q u i l  i b r ium.  

T a b l e  1: D i s t r i b u t i o n s  o f  Methyl I s o m e r s  Formed f r o m  
V a r i o u s  n-A1 k a n e s  ( V a l u e s  i n  mol -% o f  t o t a l  
me thy l  i s o m e r s )  

- ‘gH20 Feed  

I 

T e m p e r a t u r e ,  O C  

C o n v e r s i o n ,  % 
Y i e l d  o f  
i-CmH2m+2 9 % 

230 
1 4 . 6  

1 3 . 2  

2 - M - O C  4 2 . 6  
3-M-OC 3 8 . 0  
4-M-OC 1 9 . 4  

- C13H28  

220 
1 0 . 6  

8 . 2  
~ 

2-EI-Do 1 5 . 0  
3-M-DO 2 2 . 3  
4-M-DO 1 8 . 0  
5-M-DO 2 2 . 8  
6-M-Do 2 1 . 9  

- C15H32 

210 
9 . 3  

2 . 8  

2-M-Te 1 4 . 6  
3-M-Te 1 8 . 8  
4-M-Te 1 5 . 4  
5-M-Te 1 5 . 5  
6-M-Te 1 8 . 0  
7-M-Te 1 7 . 7  

H y d r o c r a c k i n g  on Pt/HZSM-5 i s  p u r e l y  i o n i c ,  i . e . ,  n o  h y d r o -  
g e n o l y s i s  on P t - s i t e s  t a k e s  p l a c e .  T h i s  c a n  be c o n c l u d e d  
from t h e  a b s e n c e  o f  m e t h a n e  and e t h a n e .  T y p i c a l  c a r b o n  n u m -  
b e r  d i s t r i b u t i o n s  o f  t h e  c r a c k e d  p r o d u c t s  from n - t e t r a d e -  
c a n e  and  n - p e n t a d e c a n e  a r e  d e p i c t e d  i n  F i g .  2 .  Fo r  c o m p a r i s o n  
t h e  c o r r e s p o n d i n g  d i s t r i b u t i o n s  on a Y- type  z e o l i t e  w i t h  
a p u r e  p r i m a r y  c r a c k i n g  s e l e c t i v i t y  a r e  g i v e n .  
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F i g .  2 :  Carbon Number D i s t r i b u t i o n s  i n  H y d r o c r a c k i n g  
o f  n - T e t r a d e c a n e  and  n - P e n t a d e c a n e  

The c u r v e s  f o r  Pt/HZSM-5 a r e  n o t  f u l l y  s y m m e t r i c a l  which  
i s  i n d i c a t i v e  o f  some s e c o n d a r y  c r a c k i n g .  I t  i s  e v i d e n t  
t h a t  t h e  c r a c k i n g  s e l e c t i v i t y  o n  Pt/HZSM-5 d e v i a t e s  c o n -  
s i d e r a b l y  f rom t h e  o n e  on f a u j a s i t e s .  I n  p a r t i c u l a r ,  more 
C 3  and C 4  a s  w e l l  a s  C m - 3  and  C m - 4  ( m  = c a r b o n  number o f  
f e e d )  a r e  formed on ZSM-5. M o r e o v e r ,  t h e  d i s t r i b u t i o n  c u r v e s  
f o r  t h e  medium-pore z e o l i t e  e x h i b i t  d i s t i n c t  min ima.  

The c r a c k e d  p r o d u c t s  on Pt/HZSM-5 c o n s i s t  o f  n - a l k a n e s  and  
me thy l  i s o m e r s .  D e t a i l e d  i s o m e r  d i s t r i b u t i o n s  w i l l  be g i v e n  
i n  t h e  p a p e r .  A r e a c t i o n  n e t w o r k  f o r  s h a p e - s e l e c t i v e  r e a r r a n -  
gemen t s  and  8 - s c i s s i o n s  i n  t h e  p o r e s  of ZSM-5 w i l l  be  d e v e -  
l o p e d .  
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Para-Methylstyrene - A New Monomer and Polymer f o r  Industry 

Warren W .  Kaeding, L. Brewster Young and A. G. Prapas 

Mobil Chemical Co., P. 0. Box 1028, Pr ince ton ,  N.J. 08540 

INTRODUCTION. The p resen t  l a r g e  volume s ty rene  indus t ry  began dur ing  World 
War I1 a s  p a r t  of t h e  e f f o r t  t o  produce syn the t i c  rubber t o  r ep lace  suppl ies  of 
n a t u r a l  rubber  which were suddenly c u t  o f f  from sources  i n  Asia (1 ,Z) -  A rapid 
growth i n  polymer technology eventua l ly  followed. 
v a r i e t y  of new monomers were synthes ized ,  p u r i f i e d  and polymerized t o  e s t a b l i s h  
the  p r i n c i p l e s  and products  of t h e  l a r g e  volume s t y r e n i c s  p l a s t i c s  i ndus t ry  a s  we 
know i t  today. 

VINYLTOLUENE. When to luene  was s u b s t i t u t e d  f o r  benzene i n  t h e  a l k y l a t i o n  
s t ep ,  e thy l to luene  was produced, Equation 1 (R=CH3). The corresponding 
v inyl to luene  was obtained by a subsequent c a t a l y t i c  dehydrogenation, Equation 2, 
i n  a manner analogous t o  t h e  process f o r  producing s ty rene  (3 ) .  By con t r a s t  w i t h  
s tyrene ,  however, a mixture of t h r e e  isomers was formed. 

A cons iderable  number and 

Di f f e ren t  polymer 

R 
I 

CH2CH3 
I 

CH2CH3 

/ 

CH =CH2 

prope r t i e s  of t hese  i n d i v i d u a l  isomers and var ious  mixtures were observed g iv ing  
r i s e  t o  more complex s e p a r a t i o n  and p u r i f i c a t i o n  s t e p s .  
commerce which eventua l ly  emerged from t h i s  work i s  composed of approximately 35% 
para  and 65% meta isomers determined p r imar i ly  by t h e  r a t i o  produced dur ing  
a l k y l a t i o n  wi th  an  HCl-AlC13 c a t a l y s t  and p r a c t i c a l  isomer sepa ra t ion  
l i m i t a t i o n s  ( 4 ) .  

p u r i f i c a t i o n  problems. Polymer p r o p e r t i e s  of s tyrene  were a l s o  favored by 
comparison wi th  t h e  v iny l to luene  mixtures  which could be e f f i c i e n t l y  produced 
wi th  the  c a t a l y s t s  and processes  a v a i l a b l e .  
dominant v iny l  aromatic monomer and polymer i n  t h e  marketplace. 

t h e  s t r u c t u r e  and c a t a l y t i c  p r o p e r t i e s  of t he  n a t u r a l l y  occurr ing  z e o l i t e s  has 
grown (5.6). 
development of techniques f o r  manufacture of many of these  ma te r i a l s  and 
e s p e c i a l l y  wi th  t h e  discovery of unique, new s y n t h e t i c  z e o l i t e s  not found i n  
na tu re  which have demonstrated d e s i r a b l e  c a t a l y t i c  p r o p e r t i e s  (7 ) .  

con ta in  pores and channels of p r e c i s e  and uniform dimensions. Chemical r eac t ions  
occur pr imar i ly  wi th in  t h e  pores  a t  c a t a l y t i c  s i tes,  o f t e n  a c i d i c  pro tons ,  
p resent  on the  i n t e r n a l  framework s t r u c t u r e .  The dimensions of  Mobil ZSM-5 c l a s s  
z e o l i t e  pores a r e  s u f f i c i e n t  t o  admit c e r t a i n  s u b s t i t u t e d  benzene de r iva t ives .  

h 
The v inyl to luene  of 

i 

Styrene i s  t h e  s imples t  v i n y l  aromatic wi th  the  fewest production and 

As a r e s u l t ,  s ty rene  has become t h e  

ZEOLITE CATALYTS. During t h e  p a s t  t h ree  decades,  i n t e r e s t  and knowledge of 

More r ecen t ly ,  t h i s  e f f o r t  has expanded dramat ica l ly  wi th  t h e  

Zeo l i t e  c a t a l y s t s  a r e  c r y s t a l s  composed of s i l i c o n  and aluminum oxides which 
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Bowever, analogues with bulky side-chains or polycycl ic  r i n g s  can not d i f f u s e  i n  
o r  ou t  of the  pores t o  undergo a chemical r eac t ion  o r  be produced wi th in  t h e  
pores- 
l imi t ed  space wi th in  t h e  pores ( 7 ) .  

(ulrmodified) HZSM-5 c a t a l y s t  conta in ing  a c i d i c  s i t e s ,  Equation 1 ( 8 ) .  
s t a r t i n g  ma te r i a l s  and products can d i f f u s e  i n  and out of t h e  pores.  
composition of products observed, however, d i f f e r s  s i g n i f i c a n t l y  from t h a t  found 
wi th  an  HCl-AlC13 c a t a l y s t .  
of magnitude, Table 1. An examination of t h e  r e l a t i v e  minimum dimensions of the 
e thyl to luene  isomers, Table 2, i n d i c a t e s  t h a t  t h e  para isomer i s  smal les t  (9) .  
The small  d i f f e rence  between t h e  o r tho  and meta isomers i s  a l s o  s i g n i f i c a n t .  We 
be l ieve  t h a t  t he  product mix observed was a r e s u l t  of t h e  p r e c i s e  dimensions of 
t h e  z e o l i t e  c a t a l y s t  pores. A s u b t l e  d i s t i n c t i o n  was made between t h e  meta and 
o r tho  isomers based on s i z e ,  favor ing  the  smal le r  isomer,  e i t h e r  by r a t e  o f  
formation and/or r a t e  of d i f f u s i o n  ou t  of t h e  pore (10). 

reducing the  e f f e c t i v e  pore and channel dimensions a s  o r i g i n a l l y  synthesized by 
modi f ica t ion  of t h e  c a t a l y s t  wi th  phys ica l  t rea tments  and chemical reagents .  
Para-selective a l k y l a t i o n  c a t a l y s t s  were produced. 
observed f o r  t he  a l k y l a t i o n  r eac t ion .  
product produced was the  smal les t  para  isomer. 
v i r t u a l l y  e l imina ted .  
isomers were increased  by th ree  o rde r s  of magnitude wi th  modified para-se lec t ive  
c a t a l y s t s  (10). 

production of e thy l to luene  by comparison wi th  t h e  HC1-AlC13 c a t a l y s t .  
undesired or tho  isomer,  which is produced, and must be separa ted  and recycled is 
v i r t u a l l y  e l imina ted .  
because of the  confined space wi th in  t h e  pores.  
of cor ros ion ,  d i sposa l  and sepa ra t ion  encountered with t h e  use of AlCl3 a r e  
e l imina ted .  

t h e  labora tory .  However, we have se l ec t ed  a 97% para-, 3% meta-ethylstyrene 
mixture,  designated PMS, f o r  i n i t i a l  polymerization s tud ie s .  A comparison of 
t y p i c a l  monomer p rope r t i e s  of PMS with  s ty rene  and commercial v inyl to luene  i s  
shown i n  Table 3. I n  broad terms, PMS i s  s i m i l a r  t o  s ty rene  i n  i t s  
polymerization behavior. 
m e l t  flow p rope r t i e s ,  have been prepared. 
s u b s t i t u t i n g  PMS f o r  s tyrene .  
d i f f e rences  a s  wel l  a s  s i m i l a r i t i e s  wi th  polys tyrene ,  Table 4. 

A p o t e n t i a l l y  important advantage of poly-PMS i s  i t s  lower dens i ty  r e l a t i v e  
t o  s tyrene  which t r a n s l a t e s  t o  a 4X reduct ion  i n  weight requi red  t o  f a b r i c a t e  a 
des i r ed  product.  Poly-PMS has a g l a s s  t r a n s i t i o n  temperature of 113'C, 11°C 
h igher  than polys tyrene ,  Table 4. 
s a f e t y  f o r  h igher  temperature use  and s to rage ,  decreases  i n  molding cyc le  t imes,  
b e t t e r  mold f i l l  p rope r t i e s  and h igher  melt  s t r eng ths  have been observed. 

A p o t e n t i a l  a p p l i c a t i o n  where poly-PMS can g ive  a s i g n i f i c a n t  improvement 
compared wi th  polys tyrene  i s  i n  t h e  a rea  of flame re ta rdancy  (FR) o r  i g n i t i o n  
r e s i s t ance .  PMS-based impact r e s i n s  r equ i r e  lower loadings  of FR reagents  t o  
meet the des i red  r a t i n g s .  

i t s  proper t ies .  
developed. 
f o r  c ros s l ink ing  a t  commercially v i ab le  l e v e l s  of e l e c t r o n  beam rad ia t ion .  

Zeol i te  c a t a l y s t s  have shape s e l e c t i v e  p rope r t i e s  by v i r t u e  of t he  

Toluene can be a lky la t ed  with e thylene  t o  produce e thy l to luene  over 
The 

The 

The amount of or tho  isomer was reduced by an order  

PARA-SELECTIVITY. To magnify t h i s  e f f e c t ,  methods have been developed f o r  

A dramatic d i f f e rence  was 
Ninety-seven percent  of t h e  e thyl to luene  

The l a r g e s t  o r tho  isomer was 
The r a t e s  of d i f f u s i o n  between t h e  para  and ortho/meta 

The use of a modified z e o l i t e  c a t a l y s t  o f f e r s  s eve ra l  advantages f o r  
The 

Production of d i -  and polye thyla ted  to luene  i s  inh ib i t ed  
I n  add i t ion .  a l l  of t he  problems 

POLY-PARA-METHYLSTYRENE. Samples of 99+% p-methylstyrene were prepared i n  

PMS polymers, wi th  a v a r i e t y  of molecular weights and 
Analogous copolymers were a l s o  made by 

A s tudy  of polymer p rope r t i e s  r evea l s  some 

In  a d d i t i o n  t o  providing a n  e x t r a  margin of 

Polystyrene is  very d i f f i c u l t  t o  c r o s s l i n k  by r a d i a t i o n  without des t roying  
A s  a r e s u l t ,  app l i ca t ions  us ing  t h i s  proper ty  have not been 

The methyl group of Poly-PMS, however, provides suscep t ib l e  pos i t i ons  
This 
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conver t s  a thermoplas t ic  t o  a thermoset r e s i n ,  s i g n i f i c a n t l y  improving i t s  grease 
r e s i s t ance  and f lammabi l i ty  behavior.  

S tyrene  has  enjoyed a s p e c i a l  p o s i t i o n  among vinylaromatic monomers 
because of i t s  l a c k  of  i somers  and consequent e a s e  and s i m p l i c i t y  of production. 
Our d iscovery  of  novel technology t o  produce p-e thyl to luene  has  enabled us  t o  
manufacture a s u b s t i t u t e d  v i n y l  a romat ic  monomer s e l e c t i v e l y .  S ince  much benzene 
i s  produced from to luene ,  t h e  d i r e c t  use  of to luene  f o r  PMS e l imina te s  t h e  f i r s t  
process s t e p  for s ty rene .  Q u a n t i t i e s  of  PMS from a semi-commercial p l an t  a r e  now 
ava i l ab le  f o r  t h e  c r i t i ca l  cost/performance test  i n  t h e  marketplace t o  eventually 
determine i t s  p lace  i n  t h e  polymer indus t ry .  
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Table 1. Alkyla t ion  of Toluene wi th  Ethylene 
Composition of Typical Product Streams , 

I Cata lys t s  

I 
Compound, w t X  RCl-AlC13 a ZSM-5 Class Z e o l i t e  

Unmodified Modified 

Light gas  and Benzene 0.2 
Toluene 48.3 
Ethylbenzene and Xylenes 1 . 2  
p-Ethyltoluene 11.9 
m-Ethyltoluene 19.3 
0-Ethyltoluene 3.8 
Aromatic C l @  14.4 
Tar 0.9 
Tota l  100.0 
Ethyltoluene Isomers, X 

Para 34.0 
Meta 55.1 
Ortho 10.9 

- I 

1 

1 .o 
74.4 
1.2 
7.0 

14.7 
.3 

1.4 
0 

100.0 

31.8 
66.8 

1.4 

- 

0.9 
86.2 

0.5 
11.9 

0.4 
0 
0.1 
0 

1oo.o 
96.7 

3.3 
0 

i 
( a )  R e f .  4 
( b )  Excess to luene  is used t o  prevent po lya lkyla t ion  and r e s u l t a n t  b u i l d v p  of 

C l @  and tars. 

Table 2. Minimum Dimensions of  Alkyl Aromatics a 

Hydrocarbon 

Benzene 
Toluene 
E t  hylbenzene 
o-Xylene 
m-Xylene 
p-Xylene 
o-Ethyltoluene 
m-Ethyltoluene 
p-Ethyltoluene 

Minimum Cross Sec t ion  
A 

7.0 
7.0 
7.0 
7.6 
7.6 
7 .O 
7.7 
7.6 
7 . 0  

(a)  From Fischer-Hirschfelder-Taylor hard sphere  molecular  
models. 
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Table 3. Typical Monomer P r o p e r t i e s  

Pur i ty  (wtX v iny l )  
Isomer D i s t r i b u t i o n  

Para 
Ueta 
Ortho 

Ref rac t ive  Index ( n ~ 2 5 )  
Density,  g . ~ m - ~  (25'C) 
Viscosi ty ,  cps  ( 2 5 O C )  
Surface Tension, dynes-cm-l ( 2 5 O C )  
Boil ing Point  ("C @ 760 mmHg) 
Freezing Point ("C) 
Volume Contract ion on Polymerizat ion 

Beat of Polymerization 
(% b l c u l a t e d  @ 25OC) 

(Kcal mole-l) 

Table 4. P rope r t i e s  of Typical  Polymers 

P rope r t i e s  

Spec i f i c  g r a v i t y ,  gm/ml 
Melt f low r a t e  (condi t ion C) 
Thermal 

Glass t r a n s i t i o n  temp. ("C) 
Vicat Softening ("C) 
h a t  d i s t o r t i o n  temp. ("C) 

Tens i l e  s t r e n g t h  a t  break ( p s i  x 
Elongation ( X )  
Tens i l e  modulus (psi x 
Flexural  s t r e n g t h  ( p s i  x l o+)  
Hardness (Rockwell M) 
Izod impact ( f t . l b s . / i n . )  

Mechanic a 1 

PMS 

99.7 

97 
3 

1.5408 
0.892 
0.79 

-- 

34 
170 
-34 

1 2  

15-17 

Styrene 

99.7 

-- 
-- -- 

1.5440 
0.902 
0.72 

32 
145 
-31 

14  

1 7  

Poly PUS a 

1.01 
2.5 

113 
11 6 

95 

7.0 
3.0 
3.2 

12  
82 

0.3 

V i  nyltoluene 

99.2 

33 
66.7 
0.3 
1.5395 
0.893 
0.78 

31 
168 
-77 

12  

15-17 

I 

; Polystyrene 

1.05 
2.5 1 

102 
109 

89 

7.6 
3.0 
3.6 

1 3  
74 

I 0.3 

( a )  972 para ,  3% meta isomers  
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CO/H2 CHEMISTRY I N  A CHANGING ENVIRONMENT 

Roy L. P r u e t t  
Exxon Research and Eng ineer ing  Company 

Corporate Research L a b o r a t o r i e s  
P. 0. Box 45,  

Linden, NJ 07036 

The c a t a l y t i c  chemist ry  of CO/H 
t h e  pas t  10 years, and espec ia l?y  d u r i n g  t h e  p a s t  3. 
seve ra l  assumptions, which i n c l u d e  two t h a t  a r e  key: 

a t  a r a p i d  pace; (b)  t h e  p a r t i a l  o x i d a t i o n  o f  coa l  t o  CO/H2 f o r  b o t h  f u e l  and 
chemical purposes w i  11 become economical ly  compe t i t i ve .  
I n  keeping w i t h  t h i s  a c t i v i t y ,  a l a r g e  number o f  p o t e n t i a l  p roduc ts  have been 
synthes ized from CO/H2. 
methane and ethylene, t o  much more comp l i ca ted  molecules, such as v i n y l  acetate,  I durene, long-chain a - o l e f i n s ,  etc. 
A t  t h e  present  t ime, t h e r e  have been s i g n i f i c a n t  changes i n  t h e  p r o j e c t e d  t i m i n g  f o r  

\ some CO/H2 a p p l i c a t i o n s .  These a r e  caused by: (a) decreased demand f o r  crude, due 
t o  conserva t i on  e f f o r t s  and t h e  accompanying oversupply  and p r i c e  s t a b i l i z a t i o n ;  ( b )  ' 
increased emphasis on n a t u r a l  gas and n a t u r a l  gas l i q u i d s  as sources f o r  methanol and 
o t h e r  b a s i c  commodity chemicals, e s p e c i a l l y  i n  c e r t a i n  p a r t s  o f  t h e  w o r l d  r i c h  i n  

* these resources. 
The r e s u l t  o f  t he  changing environment has been a decrease i n  development e f f o r t s  
toward chemicals and f u e l s ,  except f o r  t hose  areas i n  which spec ia l  s i t u a t i o n s  
e x i s t .  T h i s  p r e s e n t a t i o n  w i l l  i n c l u d e  d i scuss ions  o f  a number o f  processes which 
have been exper imen ta l l y  demonstrated, a number which a r e  proceeding toward 
commerc ia l izat ion,  some r e c e n t l y  p u b l i c i z e d  r e s u l t s  i n  key areas, and a d i scuss ion  o f  
how the  changing environment has a l t e r e d  the  ou t l ook  on CO/H2 chemist ry .  

has been t h e  sub jec t  o f  concen t ra ted  research d u r i n g  
Th is  e f f o r t  has been based on 
(a)  t h e  cos t  o f  pe t ro leum and 

; pet ro leum-der ived chemical raw m a t e r i a l s  (e.g., e t h y l e n e )  w i l l  c o n t i n u e  t o  e s c a l a t e  

These vary from t h e  s i m p l e s t  molecules, such as methanol, 

I 

1 6 3  



S y n t h e s i s  Gas Conversion With a T r a n s i t i o n  Meta l -Zeol i te  C a t a l y s t  

H. W. P e n n l i n e ,  V. U. S. Rao, R. J .  Gormley, and R. R. Schehl  

U. S. Department of  Energy 
P i t t s b u r g h  Energy Technology Center  

P. 0. Box 10940 
P i t t s b u r g h ,  PA 15236 

INTRODUCTION 

Recent ly ,  much i n t e r e s t  has  been  genera ted  i n  t h e  s y n t h e s i s  of hydrocarbon 
f u e l s  from low r a t i o  hydrogen-to-carbon monoxide m i x t u r e s  u s i n g  i n d i r e c t  
l i q u e f a c t i o n  c a t a l y s t s .  S t u d i e s  have shown t h a t  a low H2:CO r a t i o  s y n t h e s i s  
g a s  is produced by t h e  more e f f i c i e n t ,  second g e n e r a t i o n  g a s i f i e r s  (1). One 
of  t h e  o b j e c t i v e s  of t h e  c a t a l y s t  r e s e a r c h  program of t h e  U. S. Department of 
Energy/Pi t t sburgh  Energy Technology Center  i s  t o  i n v e s t i g a t e  v a r i o u s  i n d i r e c t  
l i q u e f a c t i o n  c a t a l y s t  systems t h a t  are capable  of u s i n g  low r a t i o  s y n t h e s i s  
g a s  mixtures .  

Of p a r t i c u l a r  i n t e r e s t  are c a t a l y s t s  t h a t  e x h i b i t  s h a p e - s e l e c t i v e  p r o p e r t i e s .  
With t h e  advent  of t h e  Mobil methanol - to-gasol ine  p r o c e s s ,  ZSM-5 and o t h e r  
medium pore  z e o l i t e  sys tems have been i n v e s t i g a t e d  ( 2 , 3 , 4 ) .  Work a t  PETC h a s  
involved t h e  d i r e c t  convers ion  of low r a t i o  hydrogen-to-carbon monoxide s y n t h e s i s  
g a s  t o  l i q u i d  f u e l s  v i a  t r a n s i t i o n  m e t a l - z e o l i t e  combinat ions.  
menta t ion ,  c o b a l t  and i r o n ,  e i t h e r  promoted o r  unpromoted, have been i n v e s t i g a t e d  

p r e l i m i n a r y  r e s u l t s  o b t a i n e d  w i t h  a Co-Th-ZSM-5 c a t a l y s t ,  a p r o c e s s  v a r i a b l e  
s t u d y  wi th  t h i s  c a t a l y s t  system w a s  undertaken.  

EXPERIMENTAL 

c 

I n  p a s t  exper i -  

i n  t u b u l a r  m i c r o r e a c t o r s  o r  i n  bench-scale  mixed r e a c t o r s .  Due t o  t h e  i n t e r e s t i n g  J 

The c a t a l y s t  was prepared  by p h y s i c a l l y  mixing t h e  t r a n s i t i o n  metal-promoter 
c o p r e c i p i t a t e  w i t h  t h e  z e o l i t e .  C o b a l t - t h o r i a  i n  a r a t i o  of about  10/1 was 
c o p r e c i p i t a t e d  from a s o l u t i o n  of t h e  n i t r a t e s  of t h e s e  m e t a l s  wi th  sodium 
carbonate ,  washed, d r i e d ,  and s i e v e d  through 200 mesh. 
ZSM-5 was f a b r i c a t e d  accord ing  t o  i n f o r m a t i o n  i n  t h e  p a t e n t  l i t e r a t u r e  (5) .  
The d r i e d  NH4-ZSM-5 w i t h  a s i l i c a / a l u m i n a  r a t i o  of  3 0 / 1  was t h e n  s i e v e d  
through 200 mesh, mixed w i t h  t h e  d r i e d  c o p r e c i p i t a t e ,  and r o l l e d  o v e r n i g h t  f o r  
i n t i m a t e  mixing. I n i t i a l l y  t h i s  m i x t u r e  w a s  p e l l e t e d  f o r  t e s t i n g .  However, 
due  t o  t h e  f r a n g i b i l i t y  of  t h e  p e l l e t s ,  f u r t h e r  t e s t i n g  was conducted wi th  
c a t a l y s t  t h a t  w a s  ex t ruded  w i t h  C a t a p a l  SB alumina and d r i e d .  
i n t e g r i t y  of t h e  e x t r u d a t e s  was g r e a t l y  enhanced by t h e  alumina b i n d e r .  
Microreac tor  tests of t h e  p e l l e t e d  v e r s u s  t h e  e x t r u d e d  c a t a l y s t  i n d i c a t e d  t h a t  
t h e  a d d i t i o n  of  t h e  alumina b i n d e r  d i d  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  c a t a l y s t  
behavior .  
approximately 1/8- inch,  and t h e  f i n a l  c a t a l y s t  composi t ion was 12.5 p e r c e n t  
c o b a l t ,  1 .2  p e r c e n t  t h o r i a ,  10-15 p e r c e n t  a lumina,  and t h e  remainder  ZSM-5. 

The s t u d i e s  were c a r r i e d  o u t  i n  a mixed r e a c t o r  system as d e s c r i b e d  by Berty (6)  
The c a t a l y s t  e x t r u d a t e s  w e r e  loaded i n t o  a 2-inch-diameter b a s k e t  and suppor ted  
by a s t a i n l e s s  s tee l  screen .  I m p e l l e r  speed was 1240 rpm. An o u t e r  furnace  
h e a t e d  t h e  r e a c t o r ,  whi le  e x c e l l e n t  bed tempera ture  c o n t r o l  w a s  ob ta ined  by a 
m o d i f i c a t i o n  t h a t  involved  t h e  i n s t a l l a t i o n  of a c o i l  i n  t h e  r e a c t o r  head 
through which a i r  could f low f o r  f a s t e r  h e a t  removal. 

The amonium form of 

The s t r u c t u r a l  

E x t r u d a t e s  were 1/8- inch-diameter  c y l i n d e r s  w i t h  random l e n g t h s  of 
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The schematic of the system is shown in Figure 1. Synthesis gas is stored in 
large gas holders at ambient conditions. The gas is then boosted to high 
pressures after going through a silica gel trap for dehumidification and an 
activated carbon trap to remove sulfur impurities. 
stored in a bank of aluminum cylinders rather than carbon steel cylinders to 
prevent carbonyl formation. Before entering the system, the gas is again 
flowed through an activated carbon trap. The flow is metered and controlled 
by a mass flow meter, and hydrogen can be blended with the 1HZ:lCO synthesis 
gas via a similar apparatus. 
heated line (200'C) and enter a hot trap (200°C) where heavy hydrocarbons, if 
produced, are condensed. Lighter products are condensed in water-cooled or 
air-cooled traps. The product gas is metered by a wet test meter and can be 
directed to an on-line gas chromatograph that can analyze hydrocarbons up to 

The high-pressured gas is 

Products exit the reactor via a downward sloping 

C8. 

The catalyst was brought to synthesis conditions in an identical manner for 
each test. Initially the reactor was pressurized to 300 psig with hydrogen. 
The activation procedure began by flowing hydrogen at 1000 hr-l space velocity 
over the catalyst while rapidly heating to 200°C. 
temperature level for two hours, the catalyst was heated to 350°C for twenty- 
one hours under the hydrogen flow. It has been reported in the literature 
that a 35OoC reduction greatly enhances the hydrogen adsorption capacity of a 
cobalt catalyst (7). Afterwards, the catalyst temperature was reduced to 
25OOC and then the pressure was decreased to 100 psig. 
the synthesis gas flow rate was incrementally increased over an hour until the 
design space velocity for the test was reached. Care was taken at this critical 
point so that temperature runaway did not occur. After this induction step, 
the pressure was increased to operating conditions, and afterwards the temper- 
ature was increased (lO°C/hr) to synthesis conditions. Trap drainings, flow, 
and gas analyses were performed on a 24-hour basis for a material balance de- 
termination. All tests in this study used a 1Hz:lCO feed gas. 

The gaseous and liquid products were characterized by various techniques. 
Product gas exiting the system was analyzed for hydrocarbons up to C8 by gas 
chromatography. Liquid hydrocarbon samples, after a physical separation from 
the aqueous phase, were characterized by simulated distillation ASTM D-2887, 
fluorescent indicator adsorption ASTM D-1319, and bromine number ASTM D-1159. 
The aqueous fraction was analyzed by mass spectroscopy, and the water content 
was determined by the Karl Fischer reagent technique. 

After maintaining this 

At these conditions 

RESULTS AND DISCUSSION 

To determine if deactivation would be a problem in the study, one of the first 
experiments in the process variable scan was a life test conducted at 28OoC, 
300 psig, and 1000 hr-' space velocity of 1Hp:lCO synthesis gas. 
in Table 1 for test 1-39 at different times on stream indicate that catalyst 
deactivation is significant. The initial high (H2+CO) conversion of 83.8 
percent decreases after 417 hours on stream to 56.6 percent. The hydrocarbon 
product distribution also shifts to a lighter fraction with time, as noted by 
the increase in percent CHI, (23.4 to 42.4) and by the decrease in Cg+ weight 
percent (61.0 to 38.5), which corresponds to the decreasing liquid product 
yield. The functionality of the liquid oil was constant throughout the test, 
with a high olefin (76) and low paraffin (20) and aromatic (4) percentages. 
Aqueous analyses indicated that +99 percent of this fraction was water. It 

Data listed 

165 



was concluded from t h i s  t e s t  t h a t  d e a c t i v a t i o n  was a key f a c t o r ,  and subse- 
q u e n t l y  a l l  comparisons would be  done a f t e r  t h e  same time on  stream us ing  a 
d i f f e r e n t  c a t a l y s t  charge  f o r  each  test. 

Test  1-42 w a s  conducted t o  e l u c i d a t e  t h e  r o l e  of t h e  z e o l i t e  f u n c t i o n  of t h e  
b i f u n c t i o n a l  c a t a l y s t  a t  t h e  lower tempera ture  of 280'C. 
c o b a l t  and thorium were added i n  t h e  same p r o p o r t i o n  as t h e  ZSM-5 based  
c a t a l y s t  t o  c a l c i n e d  C a t a p a l  SB gamma alumina,  and t h e  mixture  was t h e n  
ex t ruded  w i t h  u n c a l c i n e d  alumina.  When t h i s  test  i s  compared t o  1-39, t h e  
convers ion  v e r s u s  t i m e  curves  are a lmost  i d e n t i c a l ,  i n d i c a t i n g  t h a t  t h e  
Fischer-Tropsch component, Co-Th, i s  r e s p o n s i b l e  f o r  t h e  s y n t h e s i s  a c t i v i t y  of 
t h e  c a t a l y s t  and a l s o  i s  t h e  f u n c t i o n a l  component d e a c t i v a t i n g  wi th  t i m e .  
However, t h e  hydrocarbon d i s t r i b u t i o n  i s  d i f f e r e n t  i n  each  case, wi th  t h e  . 
alumina based  cobal t - thor ium y i e l d i n g  a h e a v i e r  product  than  t h e  ZSM-5 based 
c a t a l y s t .  This  i s  evidenced  i n  Table  1 by t h e  g r e a t e r  wax f r a c t i o n  i n  t h e  
hydrocarbons w i t h  t h e  alumina based  c a t a l y s t  (10.3 p e r c e n t  v e r s u s  1 .8  p e r c e n t )  
and less o f  t h e  l i q u i d  o i l  f r a c t i o n  b o i l i n g  i n  t h e  g a s o l i n e  range ,  a s  de- 
termined by s imula ted  d i s t i l l a t i o n  (68 p e r c e n t  v e r s u s  89  p e r c e n t ) .  

The f u n c t i o n a l i t y  of t h e  l i q u i d  product  o i l s  i n d i c a t e s  t h a t  more o l e f i n s  are 
produced w i t h  t h e  ZSM-5 based  c a t a l y s t  t h a n  w i t h  t h e  alumina based c a t a l y s t .  
Proton NMR s t u d i e s  of t h e  o i l s  i n d i c a t e  t h a t  t h e  ZSM-5 based c a t a l y s t  produces 
a h igh  d e g r e e  of branching ,  whereas  t h e  alumina based c a t a l y s t  p roduct  i s  
l i n e a r .  A l s o ,  B-olef ins  w i t h  n e g l i g i b l e  a - o l e f i n s  are formed w i t h  t h e  ZSM-5 
based c a t a l y s t ,  whereas  t h e  o p p o s i t e  o c c u r s  wi th  t h e  alumina based c a t a l y s t .  

The e f f e c t  o f  r e a c t i o n  t e m p e r a t u r e  w a s  observed i n  f o u r  s e p a r a t e  tests a t -  
260", 280°, 300", and 320'C a t  p r o c e s s  c o n d i t i o n s  of 300 p s i g  and 4000 h r  ' 
s p a c e  v e l o c i t y .  R e s u l t s  a r e  l i s t e d  i n  Table  1. With an i n c r e a s e  i n  temper- 
a t u r e ,  t h e  hydrocarbon d i s t r i b u t i o n  s h i f t s  t o  a l i g h t e r  p r o d u c t ,  as i n d i c a t e d  
by t h e  i n c r e a s i n g  CHq f r a c t i o n ,  t h e  d e c r e a s i n g  Cg+ f r a c t i o n ,  and t h e  i n c r e a s i n g  
f r a c t i o n  b o i l i n g  i n  t h e  gaso l ine- range .  Also i n t e r e s t i n g  i s  t h e  f u n c t i o n a l i t y  
of t h e  product  o i l .  With a d e c r e a s e  i n  r e a c t i o n  tempera ture  from 280"C, t h e  
o l e f i n / p a r a f f i n  r a t i o  d e c r e a s e s  and approaches a p a r a f f i n i c  product ,  which i s  
c h a r a c t e r i s t i c  of c o b a l t  c a t a l y s t s ,  t h u s  i n d i c a t i n g  t h a t  a t  t h e  lower temper- 
a t u r e  (5 260°C), t h e  z e o l i t e  f u n c t i o n  does n o t  s i g n i f i c a n t l y  i n f l u e n c e  t h e  
r e a c t i o n  mechanism. 
e n t  f u n c t i o n a l l y  from t h e  280°C test .  
of a romat ics  w a s  formed (46%),  which can be  a t t r i b u t e d  t o  t h e  ac id-ca ta lyzed  
r e a c t i o n s  w i t h i n  t h e  z e o l i t e  framework a t  t h e  h i g h e r  tempera ture .  No hydro- 
carbons  above a carbon number of  12 were formed. 

Unfor tuna te ly ,  a t  t h e  e l e v a t e d  t e m p e r a t u r e s ,  t h e  r a t e  of d e a c t i v a t i o n  i s  q u i t e  
s i g n i f i c a n t ,  as s e e n  i n  F i g u r e  2. A s  e x p e c t e d ,  i n i t i a l  convers ions  are g r e a t e r  
a t  t h e  h igher  t e m p e r a t u r e s ,  b u t  t h e  rate of d e a c t i v a t i o n  i s  a l s o  g r e a t e r  a t  
t h e  h i g h e r  r e a c t i o n  tempera tures .  A c c e l e r a t e d  carbon o r  coke format ion  a t  t h e  
h i g h e r  tempera ture  could  e x p l a i n  t h e  r a p i d  d e a c t i v a t i o n .  

The e f f e c t  of t h e  promoter  thor ium can  be  determined by comparing t e s t  1-57 
(12.5% CO-ZSM-5) and t e s t  1-41 (12.5% Co-1.2% Th02-ZSM-5), which are a t  t h e  
same process  c o n d i t i o n s .  The thor ium i n c r e a s e s  t h e  a c t i v i t y  of  t h e  c o b a l t -  
ZSM-5, as evidenced by t h e  convers ion  d a t a .  
w i t h  t h e  promoted c a t a l y s t .  
hydrocarbon d i s t r i b u t i o n ,  as noted  by t h e  d e c r e a s e  i n  t h e  methane f r a c t i o n ,  t h e  
increase i n  t h e  C5+ f r a c t i o n ,  and t h e  i n c r e a s e  i n  t h e  wax f r a c t i o n .  

Coprecipi i fa ted 

The t es t  a t  300°C y i e l d e d  an o i l  f r a c t i o n  n o t  t o o  d i f f e r -  
However, a t  3 2 O o C ,  a s i g n i f i c a n t  amount 

Liquid  products  are more o l e f i n i c  
Also ,  t h e  thorium s h i f t s  t h e  product  t o  a h e a v i e r  
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The effects of different methods of catalyst pretreatment, which included 
calcination in air of only the zeolite component before mixing and extrusion, 
calcination in air of the total extruded catalyst, and chemically treating the 
zeolite before mixing and extrusion, were investigated. After the standard 
activation procedure and at process conditions of 4000 hr-' space velocity, 
300 psig, and 280"C, the activities of all catalysts tested, as characterized 
by conversion, were identical. A catalyst air-calcined at 350°C exhibited 
similar results to an uncalcined catalyst activated in hydrogen at 35OoC, and 
no major differences existed between the calcination of only the zeolite 
component as compared to calcination of the total catalyst. 

Three tests with Co-Th-ZSM-5 were conducted at identical process conditions, 
with the only difference being the calcination temperatures of the respective 
catalysts: 538°C (test 2-6), 450'C (test 2-2), and no calcination (test 1-41). 
The simulated distillation results in Table 1 indicate that a lighter gasoline 
range liquid product is formed after the two higher temperature calcinations, 
although the conversions and liquid oil yields for all three tests are very 
similar. The aromatic fraction in the liquid oil increases (2, 7, and 10 
percent) with the increasing temperature of calcination. Calcination evidently 
increases the strength of the acid sites in the zeolite component, and this 
leads to a greater aromatic formation. 

\ In another comparison, the ZSM-5 component was exchanged with HC1 (test 1-54) 

\ 
rather than the usual NHqC1 exchange (test 1-41) with the purpose of increasing 
the strength of the acid sites. The uncalcined zeolites were then individually 
mixed with equal amounts of cobalt - thorium and extruded. Each catalyst was 
tested in a Berty reactor as in the previous preparative work: 
of 4000 hr-' with 1H2:lCO synthesis gas, 280"C, and 300 psig. 
the activity of both catalysts was the same with time on stream. However, the 
product selectivity for the two catalysts was different. The product from the 
HC1-exchanged catalyst was much lighter than that from the NHqC1-exchanged 
catalyst, as seen by the difference in gasoline-range hydrocarbons (89 versus 

in olefin content for both catalysts, the aromatic content from the HC1- 
exchanged catalyst was higher (11 percent) than that from the NHqC1-exchanged 
catalyst (2 percent). 

SUMMARY 

From this study with the promoted transition metal-zeolite combination, 
several conclusions can be made. At medium temperature and with a low H2:CO 
ratio synthesis gas, the cobalt-thorium-ZSM-5 synthesizes a highly branched 
olefinic product. Deactivation at these conditions can be attributed to the 
Fischer-Tropsch component of the catalyst. As the higher optimum temperature 
for the catalytic activity of the zeolite component is approached, a high 
fraction of aromatics is formed in the liquid product. The effect of the 
addition of the promoter thorium to the transition metal-zeolite catalyst is 
to increase olefin production and to increase the amount of liquid hydrocarbon 
formation. A pretreatment step (calcination or chemical), which does not 
alter the synthesis activity of the catalyst, activates the acid sites of the 
zeolite component and thus increases production of aromatics. 

\ a space velocity 
Results indicate 

\ 

\ 70 percent). Although the functionality of the liquid product is still high 
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THE ROLE OF THE SURFACE OXYMETHYLENE SPECIES I N  SYNFUEL CATALYSIS 

R. S. Sapienza and W. A. S l e g e i r  

Energy Technology Programs 
Department of Energy d Environment 

Brookhaven N a t i o n a l  Labora tory  
Upton, New York 11973 

Even wi th  t h e  r e c e n t  i n t e r e s t  i n  s y n t h e s i s  gas  chemis t ry ,  t h e  mechanisms of t h e  
v a r i o u s  r e a c t i o n s  and t h e  r o l e  t h e  c a t a l y s t  p lays  has  y e t  t o  be  unequivoca l ly  
e s t a b l i s h e d .  A review of t h e  r e s e a r c h  work Carr ied  o u t  t o  e l u c i d a t e  t h e  r e a c t i o n  
mechanisms does not  y i e l d  c o n s i s t e n t  conclus ions  i n  s p i t e  of t h e  g r e a t  e f f o r t s  o f  
many i n v e s t i g a t o r s  and t h e  use  of many d i f f e r e n t  s c i e n t i f i c  t o o l s .  A comparison of 
r e a c t i o n  r e s u l t s  does not  make i t  probable  t o  assume b a s i c a l l y  d i f f e r e n t  r e a c t i o n  
mechanisms f o r  d i f f e r e n t  c a t a l y s t s .  The s u b t l e  d i f f e r e n c e s  noted should  show 
g r e a t e r  p o t e n t i a l  f o r  i n t e r p r e t a t i o n  but  p r e s e n t  t h e o r i e s  f a l l  s h o r t  of provid ing  a 
u n i f i e d  p i c t u r e  capable  of e x p l a i n i n g  OK p r e d i c t i n g  c a t a l y s t  behavior .  

Although seemingly u n r e l a t e d , a l l  c a t a l y z e d  hydrogenat ions of carbon monoxide 
have under ly ing  s imilar i t ies  which sugges t  t h a t  a common r e a c t i o n  i n t e r m e d i a t e  may 

key i n t e r m e d i a t e  in t h e s e  r e a c t i o n s  and may r e p r e s e n t  a l i n k  i n  t h e i r  c h e m i s t r i e s .  
b be involved.  A s u r f a c e  oxymethylene (oxygen-coordinated formaldehyde) may be t h e  

\ H - C = O  
\ 

0 
I 

M + CO + H2 - M  + M'- M - M '  + CO + H2 

t 
M M + M  M ' + M  + CO + H20 

M ' + M  + C02 + H2 
'H 

1 

We have p r e v i o u s l y  p r o p o s e d ( l ) t h a t  t h e  metal c a t a l y z e d  r e a c t i o n s  of s y n t h e s i s  
g a s  proceed v i a  chemisorbed carbon monoxide r e a c t i n g  w i t h  hydrogen t o  y i e l d  an 

c = o  
I I  

methane ' /..----I 

M + CO + H2 - M M - M '  - methanol  2 

lL hydrocarbons 

oxygen coordfna ted  s p e c i e s .  This  oxymethylene i n t e r m e d i a t e  can be hydrogenated t o  
methane o r  can  undergo cha in  growth by r e a c t i o n  wi th  s i m i l a r  s p e c i e s ,  t h u s  generat-  

1 ing  s t r a i g h t  c h a i n  products  i n  an analogous manner t o  o t h e r  proposed t h e o r i e s ,  and 
would account  f o r  t h e  presence  of  oxygenated products .  One can e n v i s i o n  t h i s  bond- 
ing  scheme as a l lowing  m o b i l i t y  of "an oxide s u r f a c e  carbene". Bond s t r e n g t h s  of  
metal oxides  and t h e  oxida t ion- reduct ion  c y c l e  of t h e  metal s u r f a c e  are c r i t i c a l  
f a c t o r s  i n  de te rmining  product  c h a r a c t e r  and d i s t r i b u t i o n  ( F i g u r e  1). 

1 7 1  



T h i s  mechanism which i n t e g r a t e s  f e a t u r e s  of t h e  c a r b i d e  and c a r b e n o l  i n t e r -  
m e d i a t e  t h e o r i e s ( 2 )  h a s  been s u c c e s s f u l  in developing a new series of highly 
a c t i v e  Fischer-Tropsch (F-T) c a t a l y s t s .  

The r e v e r s i b i l i t y  between reduced and v a r i o u s  oxid ized  s t a t e s  of t h e  c a t a l y s t  
is an e s s e n t i a l  f e a t u r e  f o r  c a t a l y s t  a c t i v i t y  in t h e  Kolbel-Engelhardt  (K-E) 
s y n t h e s i s . ( 3 ) A c t i v e  c a t a l y s i s  demands some si tes which promote water-gas s h i f t  
a c t i v i t y  and o t h e r  s i tes  which g e n e r a t e  F-T i n t e r m e d i a t e s .  I t  seemed probable  t o  us 
t h a t  t h e  i n t e r a c t i o n  of t h e  water-gas s h i f t  i n t e r m e d i a t e s  wi th  F-T a c t i v e  metal  
s i t e s  could  e x p l a i n  exper imenta l  o b s e r v a t i o n s .  

Spec t roscopic  s t u d i e s  of z i n c  o x i d e ,  magnesia, a lumina,  and iron-chromia ca ta -  
l y s t s  s u g g e s t  t h a t  t h e  water-gas  s h i f t  r e a c t i o n  proceeds through s u r f a c e  metal for -  
mate s p e c i e s . ( 4 ) 0 t h e r  work on t h e  decomposi t ion of  metal  formates  is a l s o  
r e v e a l i n g .  Thei r  decomposi t ion is thought  t o  need vacant  s i tes t o  occur  and is 
enhanced by t h e  presence  of f o r e i g n  metal ions.(5)A b i c o o r d i n a t e d  s t r u c t u r e  can  be 
v i s u a l i z e d  which r e a c t s  by one of t h r e e  pathways. 

, H  
C' + H2 

I 0 -CO + H20 

H \ M '  M I \1/2(HCH + CO2 + H20) 
II 

3 r 

0 

I n  such decomposi t ions,  most i n t e r e s t  i n  t h e  l i t e r a t u r e  has  focussed upon t h e  
dehydrogenat ion and dehydra t ion  r e a c t i o n s  but  t h e  minor r e a c t i o n  which l e a d s  t o  t h e  
format ion  of  formaldehyde became t h e  c e n t e r  of our  a t t e n t i o n .  Although l i t t l e  d a t a  
on t h i s  byproduct and o t h e r  o r g a n i c s  a r e  a v a i l a b l e  and l i t t l e  is known about  t h e  
mechanism involved ,  a p p r e c i a b l e  amounts (- 10%) of formaldehyde a r e  formed i n  formic  
a c i d  decomposi t ions c a t a l y z e d  by t h o r i a ,  a lumina,  and z i n c  oxide .  (6) 

Mechanis t ic  s t u d i e s  a t  Brookhaven N a t i o n a l  Labora tory  (BNL.) i n d i c a t e  t h a t  t h e  
water-gas  s h i f t  formate i n t e r m e d i a t e  may be t h e  impor tan t  t r a n s f e r  agent  in t h e  
Kolbel-Engelhardt s y n t h e s i s  g e n e r a t i n g  t h e  s u r f a c e  oxymethylene i n t e r m e d i a t e  on a 
s e p a r a t e  "F-T" meta l  s i t e . ( f )  

0 - C - H  0- 0 ... CH2 
1 I I  I I I II 

I I 
R - H  M M 

M' 0 -- M' 0 - M '  0 4 

M' = s h i f t  s i t e  M = "F-T" metal s i t e  

As descr ibed  f o r  t h e  F-T r e a c t i o n  t h e  metal s i te  will determine  t h e  e v e n t u a l  
product  c h a r a c t e r  and d i s t r i b u t i o n  ( T a b l e  1) and may e x p l a i n  t h e  promoting e f f e c t s  
of  a l k a l i  meta ls  i n  F-T c a t a l y s i s ,  i .e . ,  enhanced formate formation.  
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Table  1 
The U s e  of Various Metals  f o r  t h e  Hydrogenation of Zinc Formate 

CuIZnO 11.7 t r a c e  
PtIA1203 11.5 t r a c e  
Pd / A 1  203 22.6 0 .1  
NiISiO2 t r a c e  8.9 
c o / s i o 2  0.1 14.8 
FeIA1203 t r a c e  2.4 

water  as s o l v e n t ,  500 p s i ,  H p ,  245°C. t = mole prodlmol M'  

The l i n k  between metal and metal oxide  c a t a l y z e d  r e a c t i o n  of carbon monoxide 
a r e  a l s o  t i e d  t o  t h e  formate t r a n s f e r  r e a c t i o n .  ( I n  g e n e r a l  metal oxide  syngas 
r e a c t i o n s  proceed v i a  similar r e a c t i o n  pa th  w i t h  methanol a s  t h e  main product . )  

The formaldehyde-formate r e l a t i o n s h i p  l e a d s  t o  a p l a u s i b l e  mechanism f o r  t h e  
formation of  methanol from s y n t h e s i s  gas .  I n  f a c t ,  t h e  h igh  y i e l d  of formaldehyde , ( - 2 5 % )  from t h e  decomposi t ion of z i n c  formate was a c t u a l l y  cons idered  as a commer- 
c i a l  s y n t h e t i c  p r e p a r a t i o n ,  bu t  was never  r e a l i z e d .  However, t h e  r e d u c t i o n  of t h e  
s u r f a c e  formaldehyde (oxymethylene) so produced was l i k e l y  t h e  c o r n e r s t o n e  of t h e  
e a r l i e s t  methanol s y n t h e s i s .  

i 0 
I1 a 2  

0 0 0 -CH .Y /co 
0 0  

I I I I 1  
M I +  co - + M ~ ~ z ! L M ~ ~ = L  M I +  M LCH~OH 

5 

A s  can be seen from t h i s  hypothes is ,  each of t h e  meta l  c e n t e r s  i n  a methanol c a t a -  
l y s t  w i l l  have a p a r t i c u l a r  f u n c t i o n .  One meta l  can  be thought  of a s  a formate  
c e n t e r ,  t h e  o t h e r  as a hydrogenat ing c e n t e r . T h i s  d e s c r i p t i o n  of t h e  r o l e  of formate  
has  been used a t  BNL t o  d e s i g n  new K-E and methanol c a t a l y s t s .  

F i n a l l y ,  t h e  oxymethylene s p e c i e s  may a l s o  be involved  i n  t h e  i n i t i a l  hydrocar-  
bons formed from methanol over  non-reducible  oxide c a t a l y s t s .  This  would i n c l u d e  
products  der ived  i n  t h e  i s o s y n t h e s i s ( 2 ) a s  w e l l  as t h e  z e o l i t e  c o n t r o l l e d  methanol  
convers ions . (*) In  both  c h e m i s t r i e s  t h e  format ion  of a carbenoid  s p e c i e s  from metha- 

, n o l  seems l i k e l y .  This  s p e c i e s  may be an oxymethylene formed on a n  a c i d  s i te .  A s  
mentioned ear l ier ,  t h e  oxide  s u r f a c e  would a l low m o b i l i t y  of t h e  carbene  (eq.6)  and 
r e a c t i o n  wih i t s e l f  o r  o t h e r  methanol molecules  would be expected t o  y i e l d  e t h y l e n e  
and dimethyl  e t h e r  r e s p e c t i v e l y .  Carbene a d d i t i o n  t o  t h e  double  bond of formed o l e -  
f i n s  can a l s o  occur .  This e x p l a n a t i o n  is c o n s i s t e n t  w i t h  r e c e n t  d e u t e r a t e d  water  
o b s e r v a t i o n s  i n  t h e  convers ion  of methanol  t o  e t h y l e n e ( 9 )  and is i n  accord with 
t h e  mechanis t ic  f i n d i n g s  of Chang.(g) 

' 

, 
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In summary, we have proposed t h a t  a common i n t e r m e d i a t e  bay be 'involved in many 
s y n t h e s i s  gas  and r e l a t e d  convers ions .  T h i s  oxymethylene moiety can be der ived 
d i r e c t l y  from carbon monoxide and hydrogen o v e r  a metal c a t a l y s t  o r  i n d i r e c t l y  from 
a formate i n t e r m e d i a t e  i n  r e a c t i o n  i n v o l v i n g  steam o r  on metal. ox ide  s u r f a c e s .  We 
b e l i e v e  t h a t  t h e  oxymethylene s p e c i e s  symbolizes  t h e  link between t h e s e  chemis t r ies  
and t h e  p o t e n t i a l  r o u t e  t o  deve loping  new s y n t h e s i s  gas  c a t a l y s t  systems.  
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, cH2 - CH2 - 
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M M +  M - M  M =  0 M 
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F igu re  1. The oxide  mechanism.(l)  
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INTERMEDIATES TO ETHYLENE GLYCOL: 
CARBONYLATION OF FORMALDEHYDE CATALYZED BY NAFIONa 

SOLID PERFLUOROSULFONIC A C I D  RESIN 

Dan E. Hendr iksen 

Corpo ra te  Research-Science L a b o r a t o r i e s  
Exxon Research and E n g i n e e r i n g  Company 

P.O. Box 45 
L inden,  New Je rsey  07036 

INTROOUCTI ON 

Carbon monoxide and hydrogen can be conver ted  t o  e t h y l e n e  g l y c o l  by a 
v a r i e t y  o f  d i r e c t  and i n d i r e c t  rou tes .  
ceeding t h r o u g h  t h e  a c i d - c a t a l y z e d  c a r b o n y l a t i o n  o f  formaldehyde, u s i n g  a novel  
s t r o n g  a c i d  c a t a l y s t ,  N a f i o n  s o l i d  p e r f l u o r o s u l f o n i c  a c i d  res in .  The g l y c o l i c  
a c i d  product  o f  t h i s  c a r b o n y l a t i o n  may be e s t e r i f i e d  and then  hydrogenated t o  
y i e l d  e t h y l e n e  g l y c o l .  ene g l y c o l  

t hen  hyd ro l yzed  t o  y i e l d  e t h y l e n e  g l y c o l .  

T h i s  work e x p l o r e s  an i n d i r e c t  r o u t e  pro-  

E t h y l e n e  i s  p r e s e n t l y  t h e  feeds tock  f o r  e 
p roduc t i on ;  t h e  e t h y l e n e  i s  p a r t i a l l y  o x i d i z e d  t o  e t h y l e n e  ox ide,  tM wh ich  i s  

I n  t h i s  work, t h e  f o l l o w i n g  sequence o f  r e a c t i o n s  i s  env is ioned.  

CO + 2H2 + CH30H 

CH30H + 1/2 02 + CH20 + H20 

CH20 + CO + H20 + HOCH2C02H 

HOCHzCOzH + ROH + HOCHzC02R + H20 

HOCHzC02R + 2H2 + HOCH2CH20H + ROH 

Equat ions 3, 4, and 5 may be combined t o  y i e l d  e q u a t i o n  6, 

CH20 + CO + 2H2 + HOCHzCH20H 

and t h e  sum o f  equa t ions  1 - 5 i s  e q u a t i o n  7. 

2CO + 4H2 + 1/2 02 + HOCHzCH20H + H20 7) 

I n  t h i s  f f i yence ,  equa t ions  1 
methanol and for rna ldehyde(8c j  p r o d u c t i o n ,  r e s p e c t i v e l y .  Both a re  h i g h  volume 
chemicals  whose p r o d u c t i o n  techno logy  i s  we l l -deve loped .  The remain ing t r a n s f o r -  
m a t i o n  des i red ,  s t a r t i n g  w i th  formaldehyde, i s  shown as equa t ion  6. 
accomplished th rough  t h e  c a r b o n y l a t i o n  o f  formaldehyde t o  y i e l d  g l y c o l i c  ac id ,  as 
shown i n  equa t ion  3 ,  f o l l o w e d  by t h e  e s t e r i f i c a t i o n  o f  t h i s  ac id ,  equa t ion  4 ,  and 
t h e  hyd rogeno lys i s  o f  t h e  e s t e r  t o  e t h y l e n e  g l y c o l ,  equa t ion  5. 

n 2 a r e  t h e  conven t iona l  processes f o r  

Th is  i s  
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The ove ra l  
i n s t r u c t i v e  s i n c e  i t  
t h e  d i r e c t  s y n t h e s i s  

r e a c t i o n  f rom carbon monoxide and hydrogen, equa t ion  7 ,  i s  
r e v e a l s  t h a t  t h i s  process e s s e n t i a l l y  couples two r e a c t i o n s ,  
o f  e t h y l e n e  g l y c o l  f rom CO/H2, e q u a t i o n  8, 

and t h e  b u r n i n g  o f  hydrogen, equa t ion  9. 

H2 + 1 /2  02 -+ H20 9) 

While convers ion  t o  e t h y l e n e  g l y c o l  i s  s e v e r e l y  l i m i t e d  by t h e  u n f a v o r a b l e  thermo- 
dynamics o f  t h e  d i r e c t  syn thes i s ,  equa t ion  8, t h e  c o u p l i n g  o f  t h i s  r e a c t i o n  w i t h  
t h e  h i g h l y  exothermic equa t ion  9 r e s u l t s  i n  a sequence i n  which t h e  h igh-energy 
i n t e r m e d i a t e  formaldehyde may be q u a n t i t a t i v e l y  conver ted  t o  e t h y l e n e  g l y c o l  w i th  
no thermodynamic c o n s t r a i n t s .  

It i s  w e l l  known t h a t  s t r o n g  a c i d s  c a t a l y z e  t h e  c a r b o n y l a t i o n  o f  f o r m a l -  
dehyde t o  y i e l d  g l y c o l i c  ac id .  S o l i d  a c i d  c a t a l y s t s  f o r  t h i s  r e a c t i o n  have been 
e x p l o r e d  t o  some e x t e n t ,  b u t  t h e r e  i s  o n l y  a s i n g l e  example in t h e  p a t e n t  l i t e r a -  
t u r e  o f  c a t a l y s i s  by Nafiong. I n  t h i s  case, t h e  c a r b o n y l a t i o n  o ormaldehyde was 
c a r r i e d  o u t  i n  a c e t i c  a c i d  s o l v e n t  t o  y i e l d  a c e t y l g l y c o l i c  ac id . f2 f  The p resen t  
work s i g n i f i c a n t l y  extends t h e  r e a c t i o n  c h e m i s t r y  a c c e s s i b l e  w i th  t h i s  novel  a c i d  
c a t a l y s t .  

RESULTS AND DISCUSSION 

"Nafion-H" Resin.a There a r e  seve ra l  p r o p e r t i e s  o f  DuPont's "Nafion-H" 
p e r f l u o r o s u l f o n i c  a c i d  r e s i n  which make i t  an i d e a l  cand ida te  f o r  t h e  s t r o n g  a c i d -  
c a t a l y z e d  c a r b o n y l a t i o n  o f  formaldehyde. F i r s t ,  i t i s  a superac id;  i.e., s t r o n g e r  
i n  i n t r i n s i c  a c i d i t y  t han  100% s u l f u r i c  ac id .  The r e s i n  i s  a copolymer o f  t e t r a -  
f l u o r e t h y l e n e  and p e r f l u o r o - 3 ,  6-d ioxa-4-methy l -7-octensul fon ic  ac id ,  r e s u l t i n g  i n  
a s t r u c t u r e :  

-(CFz-CF2), - CF2 - CF - 
I 
0 
I 
y 2  

y 2  

y 2  

CF - CF3 

0 
I 
I 

S03H 

a''Nafion-H" i s  a collvenien: n o t a t i o n  t o  i n d i c a t e  t h e  a c i d  form o f  t h i s  i o n  
exchange r e s i n .  N a f i o n  i s  a r e g i s t e r e d  t rademark o f  DuPont. 

177 



By analogy,  one m igh t  expect  t h e  r e s i n  t o  be n e a r l y  as a c i d i c  as t r i f l u o r o m e t h a n e  
s u l f o n i c  a c i d ,  CF SO H. 
A l C l  .HC1. DuPont s t a t e s  t h a t  t h e r e  
shouyd be no problem w i th  d e t e r i o r a t i o n  below 175', and t h e i r  s a f e t y  da ta  show 
s i g n i f i c a n t  decomposi t ion o n l y  abov e3f7O0. 
s t a b l e  and use fu l  t o  a t  l e a s t  220". T h i r d ,  t h e  r e s i n  i s  s w e l l e d  by p o l a r  
o r g a n i c  s o l v e n t s ,  a l l o w i n g  r e a c t a n t s  t o  d i f f u s e  i n t o  t h e  r e s i n  granules.  Th is  
makes t h e  i n t e r i o r  a c i d  s i t e s  a v a i l a b l e ,  as w e l l  as t h e  a c i d  s i t e s  on t h e  c a t a l y s t  
sur face.  
i o n  exchange w i t h  e.g., Fe3+. 
by t h e  same techn ique  used t o  p repare  t h e  a c i d  fo rm o f  t h e  r e s i n .  
be p repared  i n  a range o f  e q u i v a l e n t  we igh ts  from 1000 t o  1800 t o  f i t  s p e c i f i c  
needs, and o f f e r s  a l l  t h e  c l a s s i c  advantages o f  a s o l i d  c a t a l y s t  i n  t h e  ease o f  
s e p a r a t i o n  o f  products .  

The c h o i c e  o f  a s o l v e n t  t o  use w i t h  Naf ion-H i s  n o n t r i v i a l .  
p o l a r  o r g a n i c  s o l v e n t s  a r e  d e s i r e d  because t h e y  s w e l l  t h e  r e s i n .  
u s e f u l  b u t  i s  n o t  i n e r t  i n  t h e  r e a c t i o n s  s t u d i e d  here. Water and a l c o h o l s  are 
found t o  decrease t h e  a c t i v i t y  o f  t h e  c a t a l y s t  when p resen t  i n  excess. E the rs  
such as glyme or d ig l yme were found n o t  t o  be i n e r t  under r e a c t i o n  cond 
w h i l e  THF i s  known t o  be po lymer i zed  ove r  Naf ion-H a t  room temperature.  
ever ,  p-d ioxane was found t o  y i e l d  no GC-observable decomposi t ion p roduc ts  when 
heated a t  150' f o r  3 hours ove r  t h e  Naf ion-H r e s i n ,  and was used i n  most o f  t h e  
exper iments r e p o r t e d  here. 

d ioxane s o l v e n t ,  g l y c o l i c  a c i d  i s  presumably t h e  p roduc t  o f  formaldehyde carbonyl -  
a t i o n ,  as i n  e q u a t i o n  3. The most e x t e n s i v e  s e r i e s  o f  exper iments was done us ing  
these  r e a c t a n t s .  The s e r i e s  o f  exper imen ts  shown i n  Tab le  I i l l u s t r a t e s  seve ra l  
aspects  o f  t h i s  r e a c t i o n .  F i r s t ,  t h e  r e a c t i o n  occurs r e a d i l y  under t h e s e  condi -  
t i o n s ,  g i v i n g  r o u t i n e  y i e l d s  o f  ca. 70% a t  150". The f i r s t  two exper iments may be 
compared t o  see t h a t  t h e  r e a c t i o n  remains i n c o m p l e t e  even a f t e r  3 hours a t  130°, 
i n d i c a t i n g  a s u b s t a n t i a l  t empera tu re  e f f e c t  i n  t h i s  range. 
p r i m a r i l y  t o  t e s t  t h e  d u r a b i l i t y  o f  t h e  Naf ion-H c a t a l y s t  d u r i n g  these  f i v e  reac-  
t i o n s .  The same Naf ion-H c a t a l y s t  was used i n  each o f  these r e a c t i o n s ,  and was 
o n l y  r i n s e d  w i t h  d ioxane and sucked d r y  on a f i l t e r  between reac t i ons .  The y i e l d  
o f  g l y c o l i c  a c i d  does i ndeed  s t a y  c o n s t a n t  a t  150", w i t h  o n l y  a s l i g h t  unexpla ined 
d i p  i n  t h e  f o u r t h  r e a c t i o n ,  i n d i c a t i n g  t h a t  t h e  Naf ion-H d i d  m a i n t a i n  i t s  
c a t a l y t i c  a c t i v i t y  t h rough  a l l  t h e  r e a c t i o n s .  A d i f f e r e n t  measure o f  t h i s  
c a t a l y t i c  a c t i v i t y  i s  t h e  e q u i v a l e n t  we igh t  o f  t h e  r e s i n  b e f o r e  and a f t e r  t h e  
se r ies .  The i n i t i a l  e q u i v a l e n t  w e i g h t  was 1282 g/ e q u i v a l e n t ,  and a f t e r w a r d s  was 
1315 g /equ iva len t ,  a decrease i n  a v a i l a b l e  a c i d i t y  o f  l e s s  than t h r e e  percent .  
T h i s  cou ld  conce ivab ly  be accounted f o r  by washout o f  monomer d u r i n g  t h e  f i r s t  
r e a c t i o n .  

DuPont c l a i m s  t h a t  i t s  a c i d i t y  is o f  t h e  same o rde r  as 
Secona, ?he r e s i n  i s  t h e r m a l l y  v e r y  s tab le .  

Others have found t h e  m a t e r i a l  t o  be 

Fur thermore,  t h e  r e s i n  i s  c h e m i c a l l y  i n e r t ,  be ing  d e a c t i v a t e d  o n l y  by 
Such d e a c t i v a t e d  c a t a l y s t s  a r e  r e a d i l y  regenerated 

The r e s i n  can 

As s ta ted ,  
A c e t i c  a c i d  i s  

C a r b o n y l a t i o n  i n  t h e  Presence o f  Water. W i t h  water  p resen t  i n  t h e  

The s e r i e s  was r u n  

A number o f  r e a c t i o n s  were r u n  i n  o r d e r  t o  determine t h e  e f f e c t  o f  
carbon monoxide p ressu re  on t h e  y i e l d  o f  g l y c o l i c  a c i d  i n  t h i s  system. 
r e s u l t s  a r e  shown i n  Table 11. W i t h  t h e  o t h e r  r e a c t i o n  c o n d i t i o n s  cons tan t ,  t h e  
y i e l d  d i d  i n c r e a s e  from 50% t o  80% upon i n c r e a s i n g  t h e  p ressu re  from 1500 p s i  t o  
4500 psi .  
h i g h e r  y i e l d s ,  t h e  da ta  shou ld  n o t  be i n t e r p r e t e d  as showing t h a t  h i g h  p ressu res  
a r e  r e q u i r e d  f o r  h i g h  y i e l d s .  The equipment used here was a r o c k i n g  au toc lave ,  
and more e f f i c i e n t  s t i r r i n g  may w e l l  enhance t h e  e f f i c i e n c y  o f  t h e  r e a c t i o n .  

One r e a c t i o n  was done w i t h  a m i x t u r e  o f  hydrogen and carbon monoxide t o  
v e r i f y  t h a t  t h e  presence of  hydrogen would have no e f f e c t  on t h e  yie!d. T h i s  run 
i s  a l s o  shown i n  Table 11. The y i e l d ,  73%, i s  s l i g h t l y  h ighe r  than  i n  comparable 
runs w i t h o u t  hydrogen, b u t  no s i g n i f i c a n c e  i s  a t tached  t o  t h l s .  

The 

Whi le  t h i s  does i n d i c a t e  t h a t  i n c r e a s i n g  t h e  p ressu re  o f  CO r e s u l t s  i n  

I n  t h e  presence 
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O f  t h i s  Nafion-H a c i d  c a t a l y s t  t h e  hydrogen i s  expected t o  a c t  o n l y  as a d i l u e n t ,  
r e q u i r i n g  p r o p o r t i o n a t e l y  h i g h e r  t o t a l  p ressu res  t o  ach ieve  t h e  same carbon 
monoxide p a r t i a l  p ressu re  as i n  t h e  absence o f  t h e  hydrogen. 

system was a l s o  explored.  These data a r e  shown i n  Table 111-1. The amount Of 
formaldehyde i n  these runs was reduced so t h a t  t h e  i n i t i a l  mole r a t i o  of Water t o  
Na f ion -H  cou ld  be v a r i e d  and h e l d  app rox ima te l y  c o n s t a n t  d u r i n g  a run, w i t h o u t  
b e i n g  a f f e c t e d  by t h e  r e a c t i o n .  
expected t o  change t h e  e f f e c t i v e  a c i d i t y  of t h e  Nafion-H, which would i n  t u r n  
a f f e c t  t h e  y i e l d  i n  a q i v e n  t ime.  The r e a c t i o n  M i t h  t h e  most wa te r  p resen t ,  a 
2 0 : l  r a t i o  o f  H20 t o  H , d i d  n o t  r e s u l t  i n  complete convers ion  o f  t h e  formalde-  
hyde. Decreasing t h e  r a t i o  r e s u l t s  i n  an optimum y i e l d  a t  a 5 : l  r a t i o  of wa te r  t o  
ac id .  Decreasing t h e  r a t i o  s t i l l  f u r t h e r  t o  2 : l  and even 1:l s u r p r i s i n g l y  r e s u l t s  
i n  a cons tan t  y i e l d  o f  about  50% g l y c o l i c  a c i d  (ana lyzed  as methy l  g l y c o l a t e  a f t e r  
conve rs ion  t o  t h e  e s t e r ) .  Such y i e l d s  i n  t h e  presence o f  o n l y  h a l f  as much wa te r  
as formaldehyde r a i s e  t h e  q u e s t i o n  o f  whether  g l y c o l i c  a c i d  i s  t r u l y  t h e  r e a c t i o n  
p roduc t ,  o r  whether dehydrated forms o f  g l y c o l i c  a c i d  such as t h e  c y c l i c  d imer  
g l y c o l i d e ,  F i g u r e  l a ,  o r  o l i gomers ,  F igu re  l b ,  m i g h t  n o t  be t h e  a c t u a l  products .  

The e f f e c t  o f  water  on t h e  y i e l d  of g l y c o l i c  a c i d  i n  t h i s  r e a c t i o n  

Th is  mo la r  r a t i o  o f  wa te r  t o  Naf ion-H was 

0 

FIGURE l a .  Format ion o f  G l y c o l i d e  

i 
H0 0 

n H O C H 2 q  e H(-OCH2C + OH + (n-1)  H20 
OH n 

FIGURE l b .  Formation o f  G l y c o l i c  Ac id  Oligomers 

, An i n d i c a t i o n  t h a t  t hese  dehydrated forms of g l y c o l i c  a c i d  a r e  t h e  a c t u a l  p roduc ts  
under  these  r e a c t i o n  c o n d i t i o n s  was gained from a s e m i - q u a n t i t a t i v e  GC a n a l y s i s  of 
t hese  r e a c t i o n  s o l u t i o n s  f o r  water. T h i s  a n a l y s i s  showed t h a t  a l l  t h e  water  i n i -  
t i a l l y  added t o  t h e  r e a c t i o n  s o l u t i o n  was s t i l l  p resen t  i n  s o l u t i o n  a t  t h e  end of 
t h e  r e a c t i o n ,  and consequen t l y  c o u l d  n o t  be combined as g l y c o l i c  ac id .  A r e a c t i o n  
w i t h  no water  added was i n c l u d e d  i n  an e a r l i e r  s e r i e s ,  shown i n  Table 111-2. 
These t h r e e  r e a c t i o n s  a l s o  i n d i c a t e  t h a t  t h e r e  i s  an optimum wa te r  t o  a c i d  r a t i o ,  
but a y i e l d  o f  even 25% w i t h  no water  added i s  somewhat su rp r i sdng .  
da ta  demonstrate t h a t  t o o  nuch water  i n  t h e  r e a c t i o n  s o l u t i o n  reduces formaldehyde 

A l l  t hese  
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conversion and concomitantly g lyco l i c  acid y i e l d ,  b u t  t he  r e s u l t s  a t  the lower 
l eve l s  of water a r e  l e s s  d e f i n i t i v e .  

The preceding data show t h a t  i n  t hese  reac t ions  the conversion of 
formaldehyde i s  complete, or near ly  so,  while t h e  y i e l d  of g lycol ic  acid i s  always 
subs t an t i a l ly  l e s s  than quan t i t a t ive .  
reaction. 
on the suspected by-products and t h e i r  mode of formation can be made. 

dehyde with i t s e l f ,  ins tead  of t h e  des i red  acid-catalyzed reaction w i t h  carbon 
monoxide. On s ch reac t ion  i s  t h e  formation of methyl formate from 
formaldehyde,PsaY equation 10, 

There a r e  obviously by-products i n  t h i s  
This subjec t  has not been ex tens ive ly  inves t iga ted ,  but some comments 

The most l i k e l y  s i d e  reac t ion  i s  the  acid-catalyzed reaction of formal- 

2 CH20 + HCO2CH3 10) 

but no evidence has been found t o  support t h i s .  
catalyzed condensation of formaldehyde t o  polyhydroxy aldehydes, equation 11. 

Another p o s s i b i l i t y  i s  the  acid- 

( n  t 1)  CH20 + H-[CH(OH)],-CHO 

This reaction would be s imi l a r  in stoichiometry t o  the  formose reac t ion , (5)  the 
base catalyzed condensation of formaldehyde t o  sugars and a mixture of polyhydroxy 
aldehydes. The so lu t ions  a f t e r  reac t ion  were varying shades of brown, and the 
Nafion-H sometimes turned a dark brown or  even black, e spec ia l ly  when the  reaction 
contained l i t t l e  water or was exposed t o  h i g h  temperatures. 
of the acid-catalyzed carboniza t ion  of sugars ,  equation 12. 

T h i s  i s  reminiscent 

I f  these  ideas about t h e  na ture  of the byproducts a r e  co r rec t ,  then one 
approach t o  suppress t h e  condensation of t he  formaldehyde would be t o  chemically 
separa te  the  formaldehyde monomers with a so lvent  or a n  added component. 
Nafion-H, a s  a strong ac id ,  rap id ly  ca ta lyzes  polymerization of formaldehyde t o  
polyoxymethylene (paraformaldehyde), a a t a lyzes  the  corresponding depolymeri- 
za t ion  a t  higher temperatures a s  well. 
i n t e rac t ion  i s  needed t o  sepa ra t e  t h e  formaldehyde monomers while permitt ing the 
carbonylation t o  proceed. 

a c i d ,  equation 14), t o  form t h e  unstable methylene glycol e s t e r ; (6c )  and 
analogously with g lyco l i c  ac id ,  equation 15. 

The 

Therefore,  a r eve r s ib l e  chemical 

Examples of such in t e rac t ions  t o  f o r  s t ab le  adducts 
are reaction with water,  equation 13, t o  form methylene g lycol ;  IP6U with ace t i c  



Other  i n v e s t i g a t o r s  have d i s c l o s e d  t h e  use o f  a c e t i c  a c i d  as 
a c e t y l g l y c o l i c  ac id ,  e q u a t i o n  16, us ing  a Naf ion-H c a t a l y s t . ( ' )  I n  t h e  s u l f u r i c  

s o l v e n t  t o  y i e l d  

CH3C02H + CH20 + CO + CH3C02CH2C02H16) 

a c i d  ca ta l yzed  r e  t r l j i o n ,  g l y c o l i c  a c i d  has been d i s c l o s e d  as a u s e f u l  s o l v e n t  f o r  
enhancing y i e l d s .  However, data ob ta ined  i n  t h i s  s tudy and shown i n  
Tables I V - 1  and I V - 2  i n d i c a t e  t h a t  an equimolar  amount o f  a c e t i c  a c i d  has no 
e f f e c t  i n  t h i s  r e a c t i o n .  I n  t h e  absence o f  wa te r  t h e  a c e t i c  a c i d  a c t u a l l y  de- 
creases t h e  y i e l d .  
t h e  y i e l d  o f  g l y c o l i c  a c i d  f rom formaldehyde. The reason f o r  t h i s  decrease i n  
y i e l d  i s  n o t  r e a d i l y  apparent. 

has a number o f  aspects  which make it an a t t r a c t i v e  i n t e r m e d i a t e  r e a c t i o n  i n  a 
process f o r  e t h y l e n e  g l y c o l  p repara t i on .  
as f o l l o w s :  

G l y c o l i c  a c i d ,  whether added wet o r  dehydrated,  a l s o  decreases 

T h i s  Naf ion-H c a t a l y z e d  c a r b o n y l a t i o n  o f  formaldehyde i n  d ioxane/water  

A summary o f  t h e s e  f a v o r a b l e  aspects  i s  

1. The Naf ion-H s o l i d  a c i d  c a t a l y s t  i s  e a s i l y  separa ted  from t h e  reac- 
t i o n  p roduc ts ,  a c l a s s i c  advantage o f  heterogeneous c a t a l y s t s .  

2. As demonstrated by o the rs ,  s o l i d  a c i d  s i n s  s i m i l a r  t o  Naf ion-H 
appear t o  be v i  r t u a l  l y  non-corros ive.  ($7 

3. The c a t a l y s t  i s  t h e r m a l l y  s t a b l e ,  has shown no l o s s  o f  a c t i v i t y  w i t h  
use, and i s  e a s i l y  regenerable i f  necessary, e.g., due t o  contamina- 
t i o n  w i t h  o t h e r  ca t i ons .  P o l a r  s o l v e n t s  s w e l l  t h e  c a t a l y s t ,  which 
a l l o w s  u t i l i z a t i o n  o f  i n t e r i o r  a c i d  s i t e s .  

4. The a c i d  c a t a l y s t  r e t a i n s  i t s  a c t i v i t y  i n  t h e  presence o f  substan- 
t i a l  amounts o f  water; t h e r e f o r e ,  d r y  formaldehyde (as t r i o x a n e  o r  
paraformaldehyde)  i s  n o t  requ i red .  

d i l u e n t  f o r  t h e  carbon monoxide. The c a t a l y s t  has no a c t i v i t y  f o r  
t h e  undes i red  r e d u c t i o n  o f  formaldehyde t o  methanol. 
s y n t h e s i s  gas c o u l d  be used w i t h o u t  s e p a r a t i o n  3r t h e  carbon 
monoxide c o u l d  be concen t ra ted  b e f o r e  use, and t h e  separated 
hydrogen subsequent ly  used f o r  h y d r o g e n o l y s i s  o f  t h e  g l y c o l i c  a c i d  
es te r .  

5. The r e a c t i o n  i s  n o t  a f f e c t e d  by hydrogen, which a c t s  o n l y  as a 

Consequently, 

6. The r e a c t i o n  proceeds under reasonable c o n d i t i o n s  o f  temperature and 

7. The g l y c o l i c  a c i d  p roduc t  i s  s t a b l e  t o  f u r t h e r  reac t i on .  

8. The d ioxane s o l v e n t  appears i n e r t  under r e a c t i o n  c o n d i t i o n s .  

Carbony la t i on  i n  E s t e r  Solvents .  

pressure.  

The a c i d - c a t a l y z e d  c a r b o n y l a t i o n  o f  
cussed above, equa t ion  17, w i t h  aS $5 e q u a t i o n  19. 

formaldehyde has been c a r r i e d  ou t  w i t h  wa te r  
a c e t i c  ac id ,  equa t ion  18, and w i t h  methanol,( 

H20 + CHzO + CO + HOCH2C02H 17) 
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C H 3 0 H  + CH20  t CO + HOCH2C02CH3 19) 

The r e a c t i o n  w i t h  a c e t i c  a c i d  as s o l v e n t  i s  r e p o r t e d  t o  be e f f i c i e n t  and s p e c i f i c ,  
b u t  t h e  a c e t y l g l y c o l i c  a c i d  p r o d u c t  must be hyd ro l yzed  and then  e s t e r i f i e d  before 
i t  can be hydrogenated t o  e t h y l e n e  g l y c o l .  The r e a c t i o n  w i t h  methanol as so lvent  
would be i d e a l  i f  i t  y i e l d e d  o n l y  t h e  methy l  e s t e r .  However, s u b s t a n t i a l  y i e l d s  
o f  a l koxy  a c i d s  and t h e i r  e s t e r s  a r e  a l s o  i n v a r i a b l y  produced i n  t h e  presence o f  
a l coho ls .  These may be hydrogenated t o  g l y c o l  e the rs ,  u s e f u l  as so l ven ts ,  bu t  
cannot  serve as i n t e r m e d i a t e s  t o  e t h y l e n e  g l y c o l .  

The r e a c t i o n  u s i n g  an e s t e r  as s o l v e n t ,  e.g. methy l  a c e t a t e  i n  equa- 
t i o n  20, 'appears n o t  t o  have been r e p o r t e d  before.  

CH3C02CH3 + CH20  + CO + C H ~ C O Z C H ~ C O ~ C H ~  

The product  o f  t h e  r e a c t i o n  w i t h  an e s t e r ,  i n  t h i s  case methy l  a c e t y l g l y c o l a t e ,  
can be t r a n s e s t e r i f i e d ,  e.g. w i t h  methanol as i n  e q u a t i o n  21 t o  y i e l d  methyl 
g l y c o l a t e  and regenera te  m e t h y l  acetate.  

CH3C02CH2C02CH3 + CH30H + CH3COzCH3 + HOCH2C02CH3 

The methyl a c e t a t e  can then  be  separa ted  and t h e  me thy l  g l y c o l a t e  hydrogenated t o  
e t h y l e n e  g l y c o l .  

shown i n  Table V-1. It may be  seen from t h e  f i r s t  r e a c t i o n  t h a t  t h e  y i e l d  o f  
me thy l  a c e t y l g l y c o l a t e ,  i n t e r m e d i a t e  t o  e t h y l e n e  g l y c o l ,  i s  over  60%, b u t  the re  i s  
a l s o  some p r o d u c t i o n  o f  methy l  methoxyacetate,  15% i n  t h i s  case. I n  t h e  a n a l y s i s  
o f  t h e  r e a c t i o n  p r o d u c t s  f rom t h i s  r u n  i t  was no ted  t h a t  some a c e t i c  a c i d  was 
formed, presumably f rom t h e  me thy l  acetate.  The second r e a c t i o n  demonstrates t h a t  
add ing  a smal l  amount o f  a c e t i c  a c i d  a t  t h e  beg inn ing  o f  t h e  r e a c t i o n  does n o t  
a f f e c t  t h e  y i e l d s  o f  t h e  two p roduc ts .  
t h e  r e a c t i o n  has a p ro found  e f f e c t ,  however, as shown i n  t h e  t h i r d  reac t i on .  Th is  
may be because t h e  formaldehyde i s  conver ted  t o  m e t h y l a l ,  (MeO) CH2, by t h e  added 
methanol. A l l  t h e  formaldehyde n o t  accounted f o r  i n  t h e  produces was recovered as 
me thy la l .  A d d i t i o n  o f  wa te r  a t  t h e  beg inn ing  o f  t h e  r e a c t i o n  a l s o  decreases t h e  
y i e l d  o f  methy l  a c e t y l g l y c o l a t e ,  and r e s u l t s  i n  t h e  f o r m a t i o n  o f  some f r e e  ac ids,  
n o t a b l y  me thoxyace t i c  ac id .  

Methy l  f o rma te  was a l s o  t e s t e d  as an e s t e r  s o l v e n t ,  w i th  t y p i c a l  r e s u l t s  
shown as t h e  f i r s t  r e a c t i o n  i n  Tab le  V-2. The main r e a c t i o n  p roduc t  expected here 
i s  methy l  f o r m y l g l y c o l a t e ,  HC02CH2C0 CH3, b u t  methy l  g l y c o l a t e ,  p o s s i b l y  de r i ved  
from the  former p roduc t  by decarbony?at ion,  i s  a l s o  found. 
i s  formed i n  even g r e a t e r  y i e l d  t h a n  w i t h  me thy l  a c e t a t e  as so l ven t .  

no  CO p ressu re  needs t o  be a p p l i e d ,  as t h e  second r e a c t i o n  i n  Tab le  V-2  conf i rms.  
The methyl formate presumably a c t s  a s ' a  source o f  CO, and t h e  o v e r a l l  r e a c t i o n  i n  
equa t ion  22 r e s u l t s .  

Some formaldehyde c a r b o n y l a t i o n s  u s i n g  methy l  a c e t a t e  as s o l v e n t  a re  

A d d i t i o n  o f  methanol a t  t h e  beg inn ing  o f  

Methy l  methoxyacetate 

A un ique aspect  o f  t h e  r e a c t i o n s  u s i n g  methy l  f o rma te  as s o l v e n t  i s  t h a t  
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I 

T h i s  r e a c t i o n  has been i n v e s t i g a t e d  by o t h e r s  u s i n g  , d i f f e r e n t  s t r o n g  acids. 

e s t e r  so l ven ts ,  b u t  no t  w i th  complete s e l e c t i v i t y  t o  i n t e r m e d i a t e s  t o  e t h y l e n e  
g l y c o l .  
e t h y l e n e  g l y c o l  and g l y c o l  e thers.  

focus was on i n t e r m e d i a t e s  t o  e t h y l e n e  g l y c o l ,  a v o i d i n g  t h e  a l koxy  e s t e r s  o r  a c i d s  
wh ich  can be produced as byproducts. 
however, s i n c e  they  can be hydrogenated t o  g l y c o l  e the rs ,  which a r e  a r t i c l e s  o f  
commerce and a re  u s e f u l  as so lvents .  Consequently, some r e a c t i o n s  were run  t o  
determine i f  me thy la l  c o u l d  be c a r b o n y l a t e d  t o  methy l  methoxyacetate e f f i c i e n t l y  
and s e l e c t i v e l y  ove r  Naf ion-H r e s i n ,  as i n  e q u a t i o n  23. 

The. c a r b o n y l a t i o n  of formaldehyde u s i n g  Naf ion-H r e s i n  does proceed i n  

The r e a c t i o n  m igh t  n e v e r t h e l e s s  be i n t e r e s t i n g  as a means o f  coproducing 

Reac t ions  o f  M e t h y l a l .  I n  t h e  p reced ing  work u s i n g  e s t e r  s o l v e n t s  t h e  

These a l koxy  e s t e r s  o r  a c i d s  do have va lue,  

CH30CH20CH3 t CO + CH30CH2C02CH3 23) 

The r e s u l t s  are shown i n  Table V I .  The f i r s t  r e a c t i o n  was c a r r i e d  ou t  i n  d ioxane 
s o l v e n t  and r e s u l t e d  i n  o n l y  modest y i e l d s  of  b o t h  methy l  methoxyacetate and 
methy l  g l y c o l a t e .  Using a mixed methanol /d ioxane (50:50) s o l v e n t  r e s u l t e d  i n  no 
r e a c t i o n  a t  a l l .  When methy l  a c e t a t e  was used as t h e  s o l v e n t  though, a good y i e l d  
o f  b o t h  methy l  methoxyacetate and methy l  a c e t y l  g l y c o l a t e  r e s u l t e d ;  t h e  former 
was n o t  produced s e l e c t i v e l y .  

f u r t h e r  r e a c t i o n  i n  t h i s  c a t a l y s t  system, o r  i f  i t  can be me thy la ted  by t h e  
Naf ion-H t o  form methy l  methoxyacetate. 
t h i s  p o s s i b i l i t y .  Methy l  g l y c o l a t e  was r e a c t e d  i n  a mixed methanol /d ioxane 
s o l v e n t  (10/40 by volume) ove r  t h e  Naf ion-H r e s i n  u s i n g  s tandard  r e a c t i o n  condi- 
t i o n s .  No methy l  methoxyacetate was found i n  t h e  r e a c t i o n  s o l u t i o n ,  and t h e  
methy l  g l y c o l a t e  was recove red  q u a n t i t a t i v e l y .  

me thy l  methoxyacetate,  e s p e c i a l l y  i n  e s t e r  so l ven ts ,  b u t  t h e  r e a c t i o n  i s  n o t  
s e l e c t i v e  and r e s u l t s  i n  s u b s t a n t i a l  amounts o f  i n t e r m e d i a t e s  t o  e thy lene  g l y c o l  
as w e l l .  

Aspects o f  t h e  Mechanism. The a c i d - c a t a l y z e d  r e a c t i o n  o rmaldehyde 
w i th  carbon monoxide belongs t o  t h e  c l a s s  known as Koch r e a c t i o n s .  f l a7  The Koch 
r e a c t i o n  u s u a l l y  r e f e r s  t o  t h e  r e a c t i o n  o f  an o l e f i n  wi th  carbon monoxide, as 
e x e m p l i f i e d  by t h e  r e a c t i o n  o f  i sobu tene  w i t h  CO and water, equa t ion  24, t o  
p roduc t  p i  v a l  i c ac id.  

There c o u l d  be some q u e s t i o n  ove r  whether  methy l  g l y c o l a t e  i s  i n e r t  t o  

One r e a c t i o n  was r u n  i n  o r d e r  t o  t e s t  

These r e s u l t s  i n d i c a t e  t h a t  m e t h y l a l  can be c a r b o n y l a t e d  e f f i c i e n t l y  t o  

CH3, 
C = CH2 + CO + H20& (CH3)3CC02H 

/ 
CH3 

The f i r s t  s tep  i n  a Koch r e a c t i o n  i s  f o rma t ion  o f  a carbonium i o n  from 
t h e  s u b s t r a t e  and t h e  a c i d  c a t a l y s t .  
t o  form a more s t a b l e  a c y l i u m  ion. T h i s  f i n a l l y  r e a c t s  w i t h  water  t o  fo rm t h e  

The carbonium i o n  t h e n  adds carbon monoxide 
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f r e e  ac id ,  o r  w i t h  an a l c o h o l  t o  fo rm an e s t e r .  
i s :  

The r e a c t i o n  w i t h  formaldehyde 

0 
0 = CH2 + Ht a H°CH2 

I 

H20 
HOCH2C//O e- 

0 \ 
OH 

+ H+ 

The ease w i t h  which. t h e  Koch r e a c t i o n  t a k e s  p l a c e  depends on how e a s i l y  t h e  sub- 
s t r a t e  i s  protonated.  P r o t o n a t i o n  o f  formaldehyde r e q u i r e s  a s g ac id ;  some 
d a t a  on t h e  p r o t o n  a f f i n i t y  o f  formaldehyde have been obta ined.  IW 
EXPERIMENTAL 

M a t e r i a l s :  G l y c o l i c  a c i d  was o b t a i n e d  as wet c r y s t a l s  ( A l d r i c h )  o r  70% 
It was ana lyzed  by t i t r a t i o n  w i t h  0.1 M NaOH 
The "Na f ion "  501 p e r f l u o r o s u l f o n i c  a c i a  r e s i n  

aqueous s o m f a l t z  ti Bauer). 
u s i n g  a p h e n o l p h t h a l e i n  i n d i c a t o r .  
was o b t a i n e d  as a sample f rom t h e  P l a s t i c  P roduc ts  D i v i s i o n  o f  DuPont. Th i s  
m a t e r i a l  c0nsist.s o f  g r a n u l e s  n o m i n a l l y  0.2 t o  0.5 mm i n  d iameter ,  and has an 
e q u i v a l e n t  we igh t  o f  about  1200. I t  was r e c e i v e d  as t h e  potass ium s u l f o n a t e  and 
was conver ted  t o  t h e  a c i d  form and analyzed e s s e n t i a l l y  as recommended by 
DuPont. Convers ion t o  t h e  a c i d  fo rm i s  ach ieved  by soaking t h e  r e s i n  about f i v e  
t i m e s  i n  4 M HC1, a l l o w i n g  t ime  f o r  exchange and wi th  s u p e r f i c i a l  washing with 
d i s t i l l e d  wa te r  between HC1 t rea tmen ts .  T h i s  i s  f o l l o w e d  by washing w i t h  
d i s t i l l e d  wa te r  u n t i l  t h e  washings show a n e u t r a l  pH, a f t e r  wh ich  t h e  m a t e r i a l  i s  
d r i e d  i n  a vacuum oven o v e r n i g h t  a t  about 110'. The Naf ion-H was s t o r e d  i n  sealed 
j a r s  or i n  a d e s i c c a t o r  as i t  can absorb a p p r e c i a b l e  amounts o f  water  f rom t h e  
a i r .  A n a l y s i s  o f  t h e  a c i d  fo rm was c a r r i e d  o u t  by soak ing  t h e  r e s i n  i n  water  w i t h  
an excess o f  sodium c h l o r i d e ,  and t i t r a t i n g  t h e  l i b e r a t e d  HC1 w i t h  0.1 M NaOH. 
Dioxane was d r i e d  by r e f l u x i n g  ove r  c a l c i u m  h y d r i d e  f o l l o w e d  by d i s t i l l T t i o n .  A l l  
o t h e r  m a t e r i a l s  were reagen t  grade and used as received.  

React ions:  The r e a c t i o n s  w i th  carbon monoxide were c a r r i e d  o u t  i n  a 
300 cc r o c k i n g  au toc lave  equipped w i t h  a g l a s s  l i n e r ,  wh ich  con ta ined  50 cc o f  
r e a c t i o n  s o l u t i o n  ove r  t h e  Nafion-H. Carbon monoxide was i n t r o d u c e d  b e f o r e  
h e a t i n g .  The s t a r t i n g  t i m e  o f  t h e  r e a c t i o n  was taken  as t h e  t i m e  t h e  au toc lave  
reached temperature ( a f t e r  app rox ima te l y  30 m inu tes )  and t h e  a u t o c l a v e  was a l l owed  
t o  c o o l  and rock  o v e r n i g h t  a f t e r  t h e  hea t  was t u r n e d  o f f  a t  t h e  end o f  t h e  reac-  
t i o n  t ime.  Formaldehyde was added as t r i o x a n e ,  t h e  c y c l i c  t r i m e r ;  89, o r  4 
mequiv  Naf ion-H was used i n  each run, and -50 m l  o f  e - d i o x a n e  was used as so lvent .  

chromatography u s i n g  peak area i n t e g r a t i o n  and a hexadecane i n t e r n a l  s tandard.  
S i n c e  g l y c o l i c  a c i d  gave poor  s e n s i t i v i t y  and r e p r o d u c i b i l i t y ,  t h i s  p roduc t  was 
a n a l y z e d  as methy l  g l y c o l a t e  by r e f l u x i n g  t h e  e n t i r e  r e a c t i o n  s o l u t i o n ,  i n c l u d i n g  
t h e  Nafion-H, w i t h  an excess of methanol  b e f o r e  GC a n a l y s i s .  A s e m i - q u a n t i t a t i v e  
e s t i m a t e  o f  t h e  un reac ted  formaldehyde c o u l d  be  made th rough  a n a l y s i s  o f  t h e  
m e t h y l a l  r e s u l t i n g  f rom r e a c t i o n  o f  methanol  w i t h  t h e  formaldehyde. These 
ana lyses  used a 6 '  x 1 /8 "  Carbowax 20 M column, programming f rom 80" t o  225' a t  

A n a l y s i s  o f  Reac t ion  P r o d u c t s :  A n a l y s i s  o f  t h e  p roduc ts  was by gas 
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2"/inin. A b lank run,  s u b s t i t u t i n g  a known amount o f  g l y c o l i c  a c i d  f o r  
formaldehyde, v e r i f i e d  t h e  u t i l i t y  o f  t h i s  a n a l y s i s  f o r  g l y c o l i c  ac id .  
r e a c t i o n  (mole r a t i o s :  g l y c o l i c  a c i d ,  10: wa te r ,  3.5: Nafion-H, 1; 150°, 3h, 
PCO = 2500 psi ') '  r e s u l t e d  i n  a n a l y s i s  f o r  96% o f  t h e  added g l y c o l i c  ac id .  T h i s  
r e s u l t  a l s o  i n d i c a t e s  t h a t  t h e  g l y c o l i c  a c i d ,  once formed, i s  i n e r t  t o  f u r t h e r  
r e a c t i o n  under these c o n d i t i o n s .  
which f u r t h e r  c a r h o n y l a t i o n  t o  mal 

The 

T h i s  i s  i n  c o n t r a s t  t o  a c a t a l y s t  system i n  
a c i d  f o l l o w e d  by d e c a r b o x y l a t i o n  t o  a c e t i c  

a c i d  proved t o  be a ma jo r  problem. Pm 
Prepara t i ons :  

(1) Methyl g l y c o l a t e ,  HOCH2C0 CH3, (MG), was prepared by thermal  reac-  
t i o n  between d e h y d r a 1 f g ) g l y c o l i c  a c i d  an$ excess methanol a t  210" f o r  10 hours i n  
a r o c k i n g  autoclave. The g l y c o l i c  acif lyps dehydrated i n  a r o t a r y  evapora to r  
by r a i s i n g  t h e  tempera tu re  s l o w l y  t o  180". ,,Mej&\ g l y c o l a t e  was d i s t i l l e d  
under vacuum (22 mn, 61") b.p. 150°, lit. 151.1 . 
d r a t e d  g l y c o l i c  a c i d  w i t h  excess a c e t i c  a c i d  lOi a t  200". TP$byroduct was r e -  
c r y s t a l l i z e d  from e t h e r / t o l u e n e .  m . ~ .  63-65"; lit. 66-68O. 

Methyl a c e t y l g l y c o l a t e ,  CH3C02CH C02CH3, (MAG) ,  was prepared by 
r e a c t i o n  o f  methyl g l y c o l a t e  w i t h  a c e t y l  c h l o r i 8 e  i n  methy l  a c e t a t e  so l ven t .  
p roduc t  was d i s t i l l e d  under vacuum; b.p. 82-83O a t  22 mm. 

r e f l u x i n g  commerc ia l ly  o b t a i n e d  me thoxyace t i c  a c i d  w i t h  a 
Naf ion-H and d i s t i l l i n g  t h e  p roduc t ;  b.p. 128", l i t  1 3 1 ~ . 7 ~ ' ~ f  

(2) A c e t y l g l y c o l i c  a c i d ,  CH3C02CH2C0 H, was prepared by h e a t i n g  dehy- 

(3)  
The 

( 4 )  Methyl methoxyacetate,  CH30CH2C02CH3 ? (MMAc), was prepared by 
x ess o f  methanol ove r  
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TABLE 1 

CARBONYLATION OF FORMALOEHYOE TO GLYCOLIC ACID 
OURABlLlTY TEST USING THE SAME NAFION-H CATALYSTa 

U n r e a c t e d  Y i e l d  
Tempera ture  Formaldehyde G l y c o l i c  A c i d  

130 3 h 2600 292 381 
150 3 h 2 7 0 0  5z 63% 
150 5 h 2600  42 681 
150 5 h 2700 6Z 56Z 
150 5 h 2700 41 69% 

'Ho le  r a t i o s :  H ~ O .  IO: C H ~ O .  IO: H'. 1. 
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TABLE I 1  

CARBONYLATION OF FORMALDEHYDE TO GLYCOLIC ACID. 
DEPENDENCE OF YIELD ON CARBON MONOXIDE 

PRESSURE, AND A REACTION IN THE PRESENCE OF  HYDROGEN^ 

Y i e l d  
pco ( p s i g )  G l y c o l i c  A c i d  

1500 
2500 
4600 

48% 
61% 
79% 

Time 

5 h  
5 h  
3 h  

3000b 73% 3 h  

aMole r a t i o s :  H20, 10: CH20, 10: H+, 1; Temperature 150+"C. 

bThe gas used was 4000 p s i  o f  25:75 H2:C0. 

TABLE I 1 1  

CARBONYLATION OF FORMALDEHYDE TO GLYCOLIC A C I D .  
DEPENDENCE OF YIELD ON H,O/H+  RATIO^ 

MOLE RATIOS 

H20 : CH20 : H+ - - - 
1. 20 2 1 

10 2 1 
5 2 1 
2 2 1 

2. 20 10 1 
10 10 1 
0 10 1 

Y i e l d  
G l y c o l i c  A c i d  

36zb 
44% 
57% 
49% 
48% 

61% 
72% 
25% 

- - - -  

aTime, 3h; PCO, 2500 p s i ;  Temperature 15O+Oc 

bIncompl e t e  c o n v e r s i o n  



TABLE I V - I  

EFFECT OF ADDED ACETIC  ACID^ 

Y i e l d  
H+ G l y c o l i c  A c i d  - - H20 : CH20 : - AcOH : - 

-- 10 10 1 
l o  -- 10 1 
10 10 10 1 

7 2% 
40% 
71% 

aTime, 3h; Temperature, 150+"C; Pco, 2500 p s i  

TABLE IV-2 

EFFECT OF ADDED GLYCOLIC ACID 

I n i t i a l  Y i e l d  
Time Pco HOCH2C02H : H20 : CH20 : Ht G l y c o l i c  Ac ida 

2 h 2500 11 4 12 1 40% 
3 h 4000 12 ( -8 Ib 10 1 13% 

-- - - - 

a Y i e l d  = ( t o t a l  y i e l d  - amount added)/moles CH20; Temperature, 15Ot"C 

bThe i n i t i a l  added g l y c o l i c  a c i d  was 66% dehydrated,  
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TABLE V - 1  

CARBONYLATION OF FORMALDEHYDE I N  METHYL  ACETATE^ 
CH3C02Me + CH20 f CO + 

CH3C02CH2C02Me (MAG) and MeOCH2C02Me (MMAc) 

Added 
Component 

-_ 
A c e t i c  

Ac id  

Methanol 

Water 

%YIELDS 

Added 
Comp/CH20 MMAc Notes - MAG - - 

-- 6 1  15 b 

1 63 13 

2 18 23 C 

1 3 1  1 8  d 

aTime, 3h; Temperature, 150'; Pco, 2500 p s i ;  Mole r a t i o s :  
H+, 1. 

CH20, 10: 

b A c e t i c  a c i d  found  i n  r e a c t i o n  products .  

'Methylal y i e l d  was 58%. 

dAlso s u b s t a n t i a l  y i e l d s  o f  methy l  g l y c o l a t e  (18%) and methoxyacet ic  
a c i d ,  CH30CH2C02H. Time = 0.5 h. 

TABLE V-2 

CARBONYLATION OF FORMALDEHYDE I N  METHYL FORMATE 

HC02Me f CH20 + CO + 

HC02CH2C02Me (MFG), HOCH2C02Me (MG), and MeOCH2C02Me (MMAc) 

96 YIELDS 

MG MMAc Notes - - M FG 

11 11 3 1  a 
5 17 21 b 

- 

aTemperature, 150°, Pco, 2500 p s i ;  Time 3h. 

bNo CO added, b = f200 p s i ;  Temperature, 150'; Time, 5h. 
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TABLE V I  

CARBONYLATION OF METHYLAL TO 
MeOCH2C02Me (MMAc) , HOCH2C02Me (MG) , and CH3C02CH2C02Me (MAG)a 

Sol ven t  

d ioxane 

% YIELDS 

MAG - MMAc - MG - 
20 17 n o t  a p roduc t  

ne thano l /d ioxane ,  0 0 n o t  a p roduc t  
50:50 

methy l  a c e t a t e  49 t r a c e  39 

aTime, 3h; Temperature 150"; PCo, 2500 p s i ;  Mole r a t i o s :  (Me0)2CH2, 
10: H', 1. 

/ 
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INTRODUCTION 

In  the present work, the r e a c t i v i t y  and s e l e c t i v i t y  o f  var ious t-phosphine 
r h o d i m  complex hydroformylat ion c a t a l y s t s  are c o r r e l a t e d  w i t h  t h e i r  s t ruc tu res .  Such 
a study i s  of p a r t i c u l a r  i n t e r e s t  a t  t h i s  t ime  because t h e r e  has been a r a p i d  com- 
merc ia l  development i n  t h i s  area du r ing  t h e  l a s t  10 years and because t h e  s t r u c t u r e  of 
t he  c a t a l y s t  complexes can now be wel l  cha rac te r i zed  by nuc lear  magnetic resonance 
spectroscopy (NMR) under simulated hydroformyl a t i o n  condi t ions.  

Known t r iphenylphosphine r h o d i m  carbonyl hydr ide and novel, more stab1 e 
a l ky ld ipheny l  phosphine r h o d i m  carbonyl hyd r ide  complexes were p a r t i c u l a r l y  i n v e s t i -  
gated i n  t h i s  study. The c a t a l y s t  behavior o f  var ious a lky ld iphenylphosphine rhodium 
carbonyl hydrides was s tud ied  as a f u n c t i o n  o f  s u b s t i t u t i o n  and branching o f  t h e  a l k y l  
groups. As a r e s u l t  o f  t h i s  work rhodium complexes o f  a lky ld iphenylphosphine were 
recognized as p o t e n t i a l l y  h i g h l y  a t t r a c t i v e  c a t a l y s t  candidates o f  increased s t a b i l i t y  
f o r  continuous hydroformylat ion. 

It should be r e c a l l e d  t h a t  t he  t r iphenylphosphine r h o d i m  carbonyl hydr ide 
(Ph3P complex) c a t a l y s t  system was discovered by Professor Wilkinson and coworkers i n  
t h e  l a t e  1960's as a l o w  pressure, l o w  temperature c a t a l y s t  f o r  t h e  s e l e c t i v e  hydro- 
fo rmy la t i on  o f  1 -o le f i ns  t o  produce n-aldehydes (1). P r u e t t  and Smith a t  Union Carbide 
Carp., and the Wilkinson group a t  Imper ia l  College found i n  the  same pe r iod  t h a t  t h e  
s e l e c t i v i t y  o f  Wi lk inson 's  c a t a l y s t  t o  n-aldehydes was g r e a t l y  increased by t h e  
a d d i t i o n  o f  excess Ph3P l igand,  espec ia l l y  a t  low CO p a r t i a l  pressures(2). The d i s -  
covery o f  these e f f e c t s  resu l ted  i n  t h e  commercial development by Union Carbide and 
Davy McKee o f  a low pressure propylene hydroformylat ion process based on a c a t a l y s t  
system con ta in ing  the  t r is -phosphine complex and excess t r iphenylphosphine 1 igand 

The 
gaseous propylene, H and reactants  are cont inuously  in t roduced i n t o  a we l l  s t i r r e d  
s o l u t i o n  o f  the c a t a f y s t  w h i l e  a vapor m ix tu re  o f  unreacted reac tan ts  and products  i s  
be ing f lashed off (F igure 1). The r a t i o  o f  normal versus iso-butyra ldehyde products  i n  
such an operat ion i s  high, i n  excess of ten. For an e f f e c t i v e  removal o f  h igh b o i l i n g  
aldehyde products i n  such a process, increased reac t i on  temperatures a re  obv ious l y  
advantageous. 

We have p rev ious l y  repor ted on our work r e l a t i n g  t o  t h e  mechanisms o f  tri- 
phenylphosphine r h o d i m  complex cata lyzed hydroformylat ions (6,7,8). We pos tu la ted  
t h a t ,  i n  s e l e c t i v e  I - n - o l e f i n  hydroformylat ion t o  n-aldehydes, t he  t r i s - ( t r i p h e n y l -  
phosphine) r h o d i m  carbonyl hydr ide complex i s  t h e  s t a b l e  precursor  o f  t he  r e a c t i v e  
t r a n s - b i s  phosphine species. This pos tu la te  i s  based on c o r r e l a t i n g  the  data on 
e q u i l i b r i a  among var ious PhjP-Rh complexes w i t h  hydroformylat ion r a t e s  and selec- 
t i v i  t i e s .  

The s t r u c t u r e s  of t he  var ious PhjP-Rh complexes and t h e i r  e q u i l i b r i a  were 
determined v ia  NMR i n  the  presence of vary ing amounts of excess Ph3P and under d i f -  
f e r e n t  CO p a r t i a l  pressures. Studies of hydroformyl a t i o n  c a t a l y s i s  were c a r r i e d  out  
main ly  us ing 1-butene as a reactant  f o r  t h e  s e l e c t i v e  product ion o f  n-valeraldehyde a t  
temperatures i n  excess o f  100°C. 

I n  the  present  work, t he  c a t a l y t i c  and s t r u c t u r a l  s tud ies  were extended t o  
var ious tris-(alkyldiphenylphosphine) r h o d i m  carbonyl hyd r ide  complexes and r e l a t e d  
c a t a l y s t s  (Ph2PR complexes). The Prev ious ly  descr ibed experimental methods were used 

(3.4,5). 
The commercial rhodium hydroformyl a t i o n  process operates a t  about 100°C. 
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( 6 ) .  Although t h e  use o f  these c a t a l y s t s  was found t o  r e q u i r e  h ighe r  temperatures than 
t h a t  o f  the Ph3P complex c a t a l y s t s ,  h igh  s e l e c t i v i t i e s  toward valeraldehydes, p a r t i -  
c u l a r l y  t he  n-isomer, could be mainta ined coupled w i t h  an increase i n  c a t a l y s t  sta- 
b i l i t y .  I n  t h i s  presentation, 
c o r r e l a t i o n s  o f  c a t a l y s t  s t r u c t u r e  and a c t i v i t y  a re  emphasized. 

Using 1-butene ins tead  o f  propylene i n  t h i s  l a h o r a t o r y  a l lowed an add i t i ona l  
i n s i g h t  i n t o  t h e  r e a c t i o n  mechanism s ince  i somer i za t i on  s ide  reac t i ons  producing 2- 
butenes could be a l so  r e a d i l y  s tud ied :  

D e t a i l s  o f  t h e  work a re  descr ibed i n  Exxon pa ten ts  (9). 

CO/H CH3CH2CH2CH2CH0 (n-) t CH3CH2CH(CH3) CHO ( i - )  

CH3CH=CHCH3 ( c i s -  8 t r ans - )  t CH~CHZCH~CH~ -% 
CH3CH2CH=CH2 -- - -2- 

H2 

In  con t ras t  t o  the  voluminous, p r i o r  patent  l i t e r a t u r e ,  t h e  present batch hydrofor- 
my la t i on  s tud ies  inc luded n o t  on l y  t h e  determinat ion o f  t h e  normal t o  i s 0  ( n / i )  r a t i o  
o f  t h e  aldehyde products but t h e  p a r a f f i n  hydrogenation and i n t e r n a l  o l e f i n  isomeri- 
z a t i o n  by-products as well .  A l i m i t e d  study o f  continuous hydroformylat ion,  v ia  a 
continuous product f l a s h - o f f  operat ion,  was a l s o  made. 

RFSULTS AND DISIIJSSION 

In con t ras t  t o  Ph3P. complexes, Ph PR complexes were genera l l y  n o t  considered 
f o r  hydroformylat ion ca ta l ys l s .  For  exarnp?e, propyl diphenyl phosphine, a Ph3P degra- 
da t i on  product dur ing continuous propylene hydroformylat ion,  was main ly  regarded as a 
c a t a l y s t  m o d i f i e r  r a t h e r  than as a c a t a l y s t  l i g a n d  on i t s  own (10-12). In t h e  present 
work, the s t r u c t u r e  and c a t a l y t i c  a c t i v i t y  o f  Ph2PR complexes was s tud ied  i n  d e t a i l  and 
compared w i t h  those o f  t h e  corresponding Ph3P complexes. 

Most o f  t h e  Ph PR s tud ies  t o  be discussed were c a r r i e d  out w i t h  
Ph2PyH2CH2C(CH3)3 and Ph2Pdi CH2Si (CH ) 3  hecause they r e a d i l y  prov ided c r y s t a l l i n e  
rhodium carbonyl hydr ide comp?exes. d e n  an excess o f  these l i gands  was reacted w i th  
e thano l i c  s o l u t i o n s  o f  rhodium d icarhonyl  acety l  acetonate and then hydrogen a t  ambient 
temperature , the  corresponding t r i s -phosph ine  complexes were formed a s  pure 
c r y s t a l l i n e  p r e c i p i t a t e s .  The f o l l o w i n g  o v e r a l l  r e a c t i o n  took p lace 

3 Ph2PR + Acac Rh(CO), + H2 - (Ph2PR)3Rh(CO)H t Acactl t rO 

The same r e a c t i o n  occurred when o t h e r  a l k y l  diphenyl phosphines were used. However, most 
o f  t h e  products separated as o i l s .  

Most of t he  a l ky ld ipheny l  phosphine reac tan ts  used were prepared i n  our 
laboratory .  The p re fe r red  displacement approach t o  these compounds invo lved  the re- 
a c t i o n  o f  l i t h i u n  diphenylphosphide w i t h  t h e  approp r ia te  a l k y l  c h l o r i d e s  i n  te t rahydro-  
furan, e.g. 

Ph2PLi t C l  CH2CH2C(CH3)3 - Ph2PCH2CH2C(CH3)3 

The a d d i t i o n  approach u t i l i z e d  t h e  f r e e  r a d i c a l  cha in  a d d i t i o n  o f  d iphenyl  phosphine t o  
t h e  corresponding o l e f i n s .  The a d d i t i o n s  were i n i t i t a t e d  by i r r a d i a t i o n  w i t h  broad 
s p e c t r m  u l t r a v i o l e t  1 i g h t  and p r e f e r a b l y  employed a c t i v a t e d  o l e f i n i c  reac tan ts  a t  a 
r e a c t i o n  temperature o f  about 15', e.g. 

PhZPH t CH2=CHSi( CH3)3 - Ph2PCH2CH2Si( CH3)3 

On changing t h e  s t r u c t u r e  o f  t he  a l k y l  group o f  t h e  Ph2PR l igands,  major 
changes i n  c a t a l y s t  a c t i v i t y  were observed, p r i m a r i l y  due t o  s t e r i c  crowding. Ster ic  
crowding a f f e c t e d  t h e  s t r u c t u r e  and s t a b i l i t y  o f  t he  Ph7PR complexes formed. The 
s t r u c t u r e  of t h e  c a t a l y s t  complexes, i n  tu rn ,  determined r e a l t i v i t y  and s e l e c t i v i t y .  

A1 1 t h e  f i nd ings  i n c l u d i n g  hydrocarbon by-product formation, could be corre- 
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l a t e d  w i t h  changing e q u i l i b r i a  between the c a t a l y s t  complexes present i n  hyd ro fo r -  . 
mylat ion systems and w i t h  the  s t e r i c  and e l e c t r o n i c  e f f e c t s  o f  l i gands  On such e q u i l i -  
b r i a .  These e q u i l i b r i a  and t h e  c r i t i c a l  r e a c t i o n  steps are shown by t h e  o u t l i n e  of an 
o v e r a l l  mechanist ic scheme i n  Figure 2. 

According t o  the f igure,  c o o r d i n a t i v e l y  sa tu ra ted  a l ky ld ia ry lphosph ine  
r h o d i m  complexes o f  vary ing carbonylat ion degrees are the  main components of such 
hydroformylat ion c a t a l y s t  systems. Upon r e v e r s i b l e  d i ssoc ia t i on ,  these un reac t i ve  

i n  turn,  w i t h  CO and H2 t o  prov ide the normal and i s 0  aldehyde products, w i t h  t h e  re- 
generation o f  t he  ca ta l ys t .  

I 
1 complexes generate c o o r d i n a t i v e l y  unsaturated species which r e a c t  w i t h  t h e  o l e f i n  and 

I 

1. Studies o f  Cata lyst  Complex S t ruc tu res  and E q u i l i b r i a  by NMR 

I n  comparative NMR s tud ies,  f i r s t  t h e  s t r u c t u r e  and s t a b i l i t y  o f  Ph PR and 
Ph3P complexes were compared. Di f ferences i n  t h e  behavior o f  s p e c i f i c  Ph2PR j i g a n d s  
were a lso s tud ied t o  asce r ta in  e l e c t r o n i c  and s t e r i c  i n f l uences  of s u b s t i t u t i n g  t h e  R 
a1 k y l  groups. 

Ligand exchange s tud ies  o f  t he  t r i s - P h  P complex u s i n g  s t e r i c a l l y  non-crowded 
Ph2PR reactants  genera l l y  showed subs tan t i a l  reac\ion : 

I 
(Ph3P)3Rh(CO)H t 3 Ph2PR - (PhzPR)3Rh(CO)H t 3 Ph3P 

' - .  
! The more bas ic  Ph2PR l i g a n d  formed a more s t a b l e  complex than Ph P. 

temperature range was about 3. 
Ligand exchange between complexed and f r e e  phosphine 1 igands a l s o  occurred, 

took place v ia  coo rd ina t i ve l y  unsaturated t r a n s - b i  s-phosphine r h o d i m  carbonyl hyd r ide  
in termediates : 

I n  t h e  above re-  
1 act ion,  t he  r a t i o  o f  complexed Ph2PCH2CH2C(CH3)3 t o  complexed Ph3b i n  the  -60 t o  + 35' 

> i n  a r e v e r s i b l e  manner, when the re  was on ly  one phosphine present. Such an exchange 

D issoc ia t i on  

As soc i a t  i on 
(PhZPR)3Rh(CO)H f n PhZPR - (PhZPR)zRh(CO)H t (n+l)PhZPR 

Since the e q u i l i b r i a  s t rong ly  favor  the c o o r d i n a t i v e l y  sa tu ra ted  t r i s -phosph ine  com- 
plexes, only the  NMR spectra o f  these species could be detected. However, t he  r a t e  o f  
l i g a n d  d i s s o c i a t i o n  could be determined by l i n e  shape 

The q u a l i t a t i v e  aspects o f  the comparative '?P NMR l i g a n d  exchange s tud ies  o f  
e Ph2PCH2CH2C(CH3)3, Ph3P and Ph2PCH2CH Si(CH )3 complex systems a re  i n d i c a t e d  by the  

"P spectra i n  Figures 3a and b. A t  -f?O°C, $he t y p i c a l  doublet  s ignal  o f  t h e  t r i s -  
phosphine complexes p lus s i n g l e t  s igna ls  o f  t h e  f r e e  phosphines were observed f o r  a l l  
t h r e e  systems. However, t h e  doublet  s igna l  o f  t h e  Ph2PR t y p e  complexes remained sharp 
a t  35" w h i l e  t h e  Ph3P complex e x h i b i t e d  a broad doublet. S i m i l a r l y ,  t h e  Ph2PR complex 
s t i l l  showed a very broad doublet  a t  60' where t h e  doublet  o f  t h e  Ph P complex had 
a l ready col lapsed. Fur ther  increases i n  the  l i g a n d  exchange rates,  3resul ted i n  a 
s i n g l e  composite s igna ls  for t h e  Ph3P and Ph2PR systems a t  90' and 120'. respec t i ve l y .  

Clear ly  h igher  temperatures i n  the  Ph PR complex systems were necessary t o  
reach l i g a n d  exchange r a t e s  comparable t o  t h a t  o f  t h e  Ph3P complex. Since t h e  increase 
i n  l i gand  exchange r a t e  p a r a l l e l s  t h a t  o f  complex d i s s o c i a t i o n  t o  y i e l d  c o o r d i n a t i v e l y  
unsaturated species, these data i n d i c a t e  t h a t  i n  t h e  PhZPR complex systems a comparable 
generat ion o f  such r e a c t i v e  species occurs a t  h ighe r  temperatures. This suggests t h a t  
t o  achieve comparable hydroformyl a t i o n  rates,  h ighe r  temperatures a re  needed when com- 
plexes of Ph2PR are used i n  place of Ph3P. On t h e  o t h e r  hand, a t  t he  h igher  tempera- 
tu res ,  t h e  PhePR complexes a re  more s t a b l e  than t h e  Ph3P complex. 

I n  view o f  recent  suggestions. o f  a p o t e n t i a l  CO d i s s o c i a t i o n  from t h e  t r i s -  
Ph3P complex t o  generate hydr ide species l ead ing  t o  n-aldehyde products (13, 14), 
l i g a n d  exchange was a l so  s tud ied  by 13C NMR. For these s tud ies.  13cO enr iched t r i s -  

a l yses  o f  t h e  s ignals .  
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phosphine complexes were used. Such complexes could be r e a d i l y  de r '  ed by r e a c t i n g  the 
corresponding te t rak is-phosphine r h o d i m  hydr ide complexes w i t h  "13 a t  atmospheric 
pressure. For example, t h e  f o l l o w i n g  sequence o f  reac t i ons  was ca r r i ed  out  w i th  
Ph2PCH$HzC( CH3)3 and Ph2PCH2CH2Si (CH3)3 : 

Na BH4 1 3 ~ 0  
4 Ph2PR + RhC13 - (Ph2PR)4RhH (Ph2PR )3Rh (' 3CO)H 

The f i r s t  r e a c t i o n  t o  form t h e  te t rak is-phosphine r h o d i m  hyd r ide  was c a r r i e d  ou t  i n  10 
minutes i n  r e f l u x i n g  ethanol  s o l u t i o n  i n  a manner repor ted f&r t he  Ph3P d e r i v a t i v e  
( ! 5 ) .  CO a t  room temperature 
e i t h e r  i n  to luene s o l u t i o n  or e t  no1 suspension. 

Va r iab le  temperature "C NMR s tud ies  o f  t r i s -phosph ine  monocarbonyl hyd r ide  
complexes are i l l u s t r a t e d  by F igu re  4. The spect ra i n d i c a t e  t h a t  a t  -30", t h e  
cdmplex has t h e  expected s t ruc tu re .  The double qua r te t  s igna ls  o f  t h e  complexed "2'0 
show coupl ing t o  one rhodium and t h r e e  phosphine l igands. A t  increased temperatures up 
t o  l l O ° C ,  t h i s  s igna l  o f  t h e  Ph3P complex co l lapsed i n t o  doublets. That was the  con- 
I5quence o f  t h e  exchange o f  t h e  phosphine l i g  s. 

However, f r e e  '%O cou ld  be detected I n  t h i s  system a t  
14OOC when f r e  

The f3C0 NMR s tud ies  show t h a t  t he  CO l i g a n d  o f  these t r is -phosphine mono- 
carbonyl hydr ide complexes i s  ve ry  s t r o n g l y  bound. Dur ing hydroformylat ion,  carbonyl 
f ree  phosphine rhodi  um hydr ide compl exes are n o t  present, except under non-equi 1 i b r i  um 
CO s ta rva t i on  condi t ions.  The main reac t i on  i n  these systems i s  always phosphine 
r a t h e r  than CO dissoc iat ion.  Proton NMR s tud ies  o f  t he  hyd r ide  reg ion o f  t e t r a k i s -  
phosphine rhodium hydr ides were known(l6). The d i s s o c i a t i o n  d-toluene s o l u t i o n s  o f  
t h r e e  te t rak is-phosphine rhodium hyd r ldes  was s tud ied  by jlP NMR l i g a n d  exchange 
methods i n  t h e  presence o f  excess phosphine l i gands  i n  t h e  present work. 

The r e s u l t i n g  c r y s t a l l i n e  hyd r ide  could be reac ted  w i t h  

Rhodium coup l i ng  remained s ince no 
CO d i s s o c i a t i o n  occurred. 

t r i p h e n y l  phosphine l i g a n d  was used as the  so l ven t  (P/Rh = 260). 

(R3P)4RhH + 5R3P (R3P)3RhH + 6 R3P 

R3P = Ph3P. Ph2PCH2CH2C( CH3)3 and Ph2PCH2CH2Si( CH3)3 

I n  general, i t was found t h a t  s i g n i f i c a n t  l i g a n d  exchange o f  these hydr ides occurred a t  
much lower temperatures than those observed f o r  t h e  corresponding carbonyl hydrides. 
The doublet s igna l  of t he  te t rak is- t r iphenylphosphine r h o d i m  hyd r ide  co l lapsed a -30' 
w h i l e  the corresponding Ph2PR complexes gave broad s i n g l e t  s igna ls  f o r  complexed ' l P  a t  
about + 20". Thus i t  was found PhZPR l i gands  are more s t rong ly  complexed than Ph3P i n  
carbonyl f r e e  rhodium hydr ides as wel l .  

The increase i n  hydrogenation and i somer i za t i on  s ide  reac t i ons  d u r i n g  1- 
butene hydroformylat ion under 0 s t a r v a t i o n  cond f t fons  can be expla ined by t h e  f o r -  
mat ion of carbonyl f ree r h o d i m  hyd r ide  complexes. Tetrakis-tr lphenylphosphine rhodium 
hyd r ide  i s  a known hydrogenation c a t a l y s t  (16). I n  t h e  present  work, i t  was found t o  
be an e f fec t i ve  1-butene i somer i za t i on  c a t a l y s t  even a t  0'. I t s  l o w  temperature 
c a t a l y t i c  a c t i v i t y  i s  a t t r i b u t e d  t o  i t s  f a c i l e  d i s s o c i a t i o n  t o  prov ide t h e  co r res -  
ponding h igh l y  r e a c t i v e  t r i s -phosph ine  r h o d i m  hydride. 

A t  increased CO p a r t i a l  pressure, t r i s -phosph ine  rhodium carbonyl hydr ides 
are converted t o  the  corresponding t rans -b i  s-phosphine dicarhonyl hydr ides v i  a t h e  
f o l  1 owing equi 1 i b r i  um r e a c t i o n s  : 

(R3P)3Rh(CO)H -L (R3P)pRh(CO)H C- (R3P)pRh(C0)2H 
R3P CO 

R3P = Ph3P, Ph2PCH2CH2C(CH3)3, Ph2PCH2CH2Si ( CH3)3 

Complexes of P S P  and Ph2PR t y p e  l i gands  showed s i m i l a r  e q u i l i b r i a  between mono- and 
d i ca rbony l  hydr ide complexes. 
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Increased concentrat ions o f  excess phosphine l i g a n d  e f f e c t i v e l y  reduced t h e  
amount o f  dicarbonyl hydr ide formed. This i s  i l l u s t r a t e d  by F igure 5. The f i g u r e  
shows t h a t ,  i n  t h e  absence o f  a s i g n i f i c a n t  excess o f  t h e  Ph PR t ype  l igand,  conversion 
t o  the  dicarbonyl hydr ide i s  e s s e n t i a l l y  complete under about 200 kPa pressure o f  1 t o  
1 H2/C0. However, a t  a f i v e - f o l d  excess o f  Ph PR (P/Rh r a t i o  o f  15/1) t he  r a t i o  o f  
d icarbonyl  t o  monocarbonyl complex i s  on l y  about f t o  3. 

In the  case o f  bis-phosphine d icarbonyl  hyd r ide  complexes, t h e  r e l a t i v e  d i s -  
s o c i a t i o n  ra tes  o f  phosphine and carbonyl l i gands  were a l s o  s tud ied  by NMR: 

CO t (Ph3P)pRh(M))H =(Ph3P)2Rh(C0)2H S Ph3PRh(C0)2H t Ph3P 

A 1% s o l u t i o n  o f  t he  bis-Ph P complex p lus excess Ph P t o  p rov ide  a P@I r a t i o  o f  9 
were used f o r  t he  study. h i s  s o l u t i o n  was prepared under 400kpa H2/ CO pressure, 
from t h e  tetrakis-Ph3P complex which was l a r g e l y  converted t o  t h e  des i red  bis-phosphine 
r h o d i m  dicarbonyl hydride. Var iab le temperature NW s tud ies  i n d i c a t e d  r e v e r s i b l e  CO 
and phosphine l i g a n d  d i ssoc ia t i on .  

ctrum o f  t he  r e s u l t i n g  s o l u t i o n  
showed the expec d double t r i p l e t  f o r  t he  complexed "C0 l i g a n d  as we l l  as t h e  s i n g l e t  
s igna l  o f  f r e e  "CO. A t  t 35O, the  fir$ s t r u c t u r e  o f  t he  complexed CO disappeared. 
Also, t he  s igna ls  of complexed and f r e e  considerably  broadened as a consequence o f  
CO exchange. A t  90°C. only one, broad '%O s igna l  was obta ined due t o  f u r t h e r  i n -  
creased l i g a n d  exchange rates.  

S im i la r  v a r i a b l e  temperature 31P NMR s tud ies  showed r e v e r s i b l e  phosphine 
l i g a n d  d i ssoc ia t i on .  However, a f r e e  versus bound Ph3P r a t i o  much below t h e  expected 
va lue was found a t  low temperature. This suggests t h e  presence o f  u n i d e n t i f i e d  rhodium 
complex species undergoing r a p i d  l i g a n d  exchange. 

When 1 - o l e f i n s  are hydroformylated under c o n d i t i o n s  where t h e  d icarbonyl  
hydr ide predominates i n  the  above t ype  of system, t h e  n / i  r a t i o  o f  aldehyde products  i s  
g r e a t l y  decreased but  s t i l l  remains above two. It i s  be l i eved  t h a t  most o f  t h e  e- 
maining preference o f  such c a t a l y s t  systems f o r  producing n-aldehydes i s  due t o  "CO 
d i s s o c i a t i o n  t o  prov ide t h e  trans-bis-phosphine monocarbonyl hyd r ide  i n te rmed ia te  o f  
1 i near h yd ro f o rmyl a t  i on. 

The e l e c t r o n i c  e f f e c t s  on the  p r o p e r t i e s  o f  tris-Ph2PR r h o d i m  carbonyl 
hydr ide c a t a l y s t  complexes were s tud ied by s u b s t i t u t i n g  groups o f  va ry ing  e l e c t r o -  
p h i l i c i t y  on the  6-carbons of t h e  a l k y l  groups o f  t h e i r  l i g a n d  The b a s i c i t i e s  o f  
some of these l i gands  of general formula Ph2PCH2CH2R' and t h e i r  "P NMR parameters o f  
t h e i r  complexes a r e  shown by Table I. 

The data o f  t h e  t a b l e  i n d i c a t e  t h a t  by app rop r ia te  e lec t ronega t i ve  6- 
subs t i t uen ts  the  proton b a s i c i t y  o f  aqueous a lky ld iphenylphosphines was reduced t o  t h e  
l e v e l  o f  tr iphenylphosphine. However, no apparent c o r r e l a t i o n  could be observed be- 
tween t h e  ,inverse b a s i c i t y  values, MNP's, and t h e  NMR parameters. b s t  o f  t h e  
Ph2PCH2CH2R complexes shaved l i t t l e  change of t h e i r  chemical s h i f t  and coup l i ng  con- 
s t a n t  values. Also, a l l  t h e  Ph2PCH CH R l i gands  d i sp laced  Ph3P from i t s  complex. Thus 
t h e  observed b a s i c i t y  was n o t  a majo?r f a c t o r  i n  t h e  NMR data. 

In view o f  t h e  above study, t h e  d i f f e rence  between the  s t e r i c a l l y  non- 
h indered a l ky ld ia ry lphosph ine  and t r iphenylphosphine complexes i s  apparent ly  a t t r i b u t e d  
t o  minor d i f f e rences  i n  t h e i r  n-backbonding a b i l i t y  and s t e r i c  hindrance. 

S t e r i c  hindrance was found t o  have a major  e f f e c t  on the  s t r u c t u r e  o f  the 
complexes formed when a- and 6- branched a lky ld iphenylphosphine 1 igands were used. 
These e f f e c t s  were f i r s t  s tud ied by determing t h e  degree of Ph3P l i g a n d  displacement 
w i t h  such Ph2PR l i gands  as i n d i c a t e d  by t h e  f o l l o w i n g  s i m p l i f i e d  scheme 

As i t  i s  shown by .Figure 6, t he  1 3 C  NMR s 

(PhjP)jRh(CO)H + 6 Ph3PR (Ph2PR)3Rh(CO)H t 3Ph3P t 3Ph2PR 

In  t h e  case o f  t he  monomethyl branched l i gands ,  such as i sobu ty l - ,  secondary b u t y l -  and 
cyc lohexy l -  diphenylphosphines, p a r t i a l  displacement occurred. The r a t i o  o f  bound 
Ph2PR t o  Ph3P was about 3 t o  2. However, 8, 6- and a,a-dimethyl branched l i g a n d s  such 
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as neopentyl- and t -bu ty l -d ipheny l  phosphines were n o t  ab le  t o  d i sp lace  any of the 

Displacement o f  Ph P by the  above s t e r i c a l l y  hindered phosphine l i gands  could 
be enhanced under about 400 $pa H2 /m pressure. This pressure r e s u l t s  i n  the  format ion 
o f  major  amounts o f  the b i s - t r i pheny lphosph ine  rhodium d icarbonyl  hyd r ide  complex. The 
l a t t e r ,  i n  tu rn ,  was found t o  be more subject  t o  displacement by t h e  s t e r i c a l l y  de- 
manding phosphine l i gands :  

Ph3P. 

(Ph3P)ZRh(C0)2H + 6Ph2PR + Ph3P v ( P h 2 P R ) 2 4 h ( C 0 ) 2 H  + 4Ph2PR + 3Ph3P 

Thus, a t  e q u i l i b r i u m  the  mixtures con ta in ing  monosubsti tuted l i gands  showed t h e  d i s -  
placement o f  about 8m o f  the  Ph3P from t h e  d icarbonyl  complex. However, t h e r e  was 
s t i l l  no n o t i c a b l e  displacement by the  neopentyl and t - b u t y l  de r i va t i ves .  

The above i n h i b i t i t i o n  o f  l i g a n d  displacement i s  c l e a r l y  due t o  s t e r i c  
e f fec ts .  E l e c t r o n i c  e f f e c t s  would r e s u l t  i n  increased l i g a n d  displacement s ince these 
branched a l ky ld ipheny l  phosphine l i gands  have h igher  b a s i c i t i e s  than t h e i r  s t r a i g h t  
cha in  isomers. 

Another e f f e c t  o f  s t e r i c  crowding i s  on the  d i s s o c i a t i o n  r a t e  o f  t he  com- 
plexes formed. This i s  i l l u s t r a t e d  by the  example o f  t r iphenylphosphine p l u s  i s o b u t y l -  
diphenylphosphine rhodiun complex c a t a l y s t  system i n  F igure 7. The -30°C spectrum o f  
t h i s  system shows t h a t  both l i g a n d s  p a r t i c i p a t e  i n  t h e  complex format ion t o  form f o u r  
d i f f e r e n t  t r i s -phosph ine  complexes. However, no d i s t i n c t  phosphorus s igna ls  o f  these 
complexes can be observed a t  ambient temperature. Only a broad phosphorus s ignal  i s  
observed i n  t h e  complex region. T h i s  i n d i c a t e s  a h igh  l i g a n d  exchange r a t e  a t  a r e -  
l a t i v e l y  low temperature. This i s  c l e a r l y  t h e  consequence o f  increased phosphine d i s -  
s o c i a t i o n  due t o  s t e r i c  decompression: 

[Ph2PCH2CH(CH3)2]3Rh(CO)H - [Ph2PCH2CH(CH3)2?2Rh( CO)H + Ph2PCH2CH(CH3)2 

The increased d i s s o c i a t i o n  r a t e  t o  prov ide r e a c t i v e  c o o r d i n a t i v e l y  
unsaturated complex species r e s u l t s  i n  increased c a t a l y t i c  a c t i v i t y .  However, s t e r i c  
crowding a l so  r e s u l t s  i n  a reduced r a t i o  of monocarbonyl hydr ide versus d icarbonyl  
hyd r ide  complexes, i.e. reduced n / i  r a t i o  o f  products. 

2. Hydroformylat ion Process Studies 

The main aim o f  t h e  present  1-butene hydroformylat ion s tud ies  was t o  
determine the e f f e c t  o f  t he  s t r u c t u r e  o f  phosphine-rhodim complex c a t a l y s t s  on 
a c t i v i t y ,  s e l e c t i v i t y  and s t a b i l i t y .  The we l l  known Ph P complex c a t a l y s t  system which 
we s tud ied  p rev ious l y (6 )  was a c a t a l y s t  p r i m a r i l y  used ?or comparison i n  t h i s  work. As 
a Ph PCH2CH2R' t ype  a l ky ld ia ry lphosph ine  1 igand, 2 - t r i m e t h y l s i l y l  e thy ld iphenylphosphine 
(SEPf, was s tud ied i n  d e t a i l .  

I n  t h e  f o l l o w i n g  a t  f i r s t ,  t he  Ph3P and SEP based r h o d i m  complex 
hydroformylat ion c a t a l y s t  systems w i l l  be compared a t  d i f f e r e n t  temperatures and excess 
phosphine concentrat ions. Thereafter, t h e  d e t a i l e d  s t r u c t u r a l  e f f e c t s  o f  var ious Ph2PR 
l i gands  w i l l  be discussed w i t h  emphasis on s t e r i c  crowding. The c a t a l y t i c  r e s u l t s  w i l l  
be c o r r e l a t e d  w i t h  t h e  s t r u c t u r a l  f i n d i n g s  o f  t h e  NMR studies. 

The e f f e c t  o f  temperature on t h e  Ph3P and SEP complex c a t a l y s t  systems i s  
shown i n  Table 11. Most o f  t he  batch experiments were c a r r i e d  out  a t  a one mola l  
phosphine l i gand  concen t ra t i on  t o  ma in ta in  t h e  s e l e c t i v i t y  and s t a b i l i t y  o f  t h e  
c a t a l y s t  a t  increased temperatures. The r e s u l t s  show t h a t ,  a t  comparable temperatures, 
t he  t r i a ry lphosph ine  complex i s  always more a c t i v e  than t h e  a l ky ld ia ry lphosph ine  
complex. However, t h e  a c t i v i t y  and s e l e c t i v i t y  o f  t h e  l a t t e r  i s  b e t t e r  mainta ined 
p a r t i c u l a r l y  a t  h ighe r  temperatures. 

A t  the r e l a t i v e l y  low temperature o f  110', a lower n / i  aldehyde product  r a t i o  
i s  obta ined w i th  t h e  SEP complex. However, t h e r e  i s  no s i g n i f i c a n t  d i f f e rence  between 
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t h e  h igher  n / i  values of t h e  two systems a t  145". I n  t h e  135 t o  160' range, t h e  use of 
t he  SEP complex leads t o  a h igher  t o t a l  (n+ i )  aldehyde s e l e c t i v i t y .  This i s  main ly  due 
t o  the  reduced butene-1 t o  butene-2 i somer i za t i on  s i d e  reac t i ons  i n  t h e  presence o f  t h e  
more bas ic  SEP l igand.  The top  temperature o f  160' has genera l l y  l e s s  adverse e f f e c t  
on t h e  s e l e c t i v i t y  o f  t h e  SEP complex system. 

The e f f e c t  o f  i nc reas ing  concentrat ions o f  t he  SEP and Ph3P l i gands  a t  145' 
i s  shown i n  Table 111. This increase i n  bo th  systems r e s u l t e d  i n  a decreased a c t i v i t y  
but  increased n / i  aldehyde S e l e c t i v i t y .  A t  h igh  l i g a n d  concentrat ions,  t h e  n / i  values 
depended on the  phosphine concentrat ion ra the r  than on t h e  P/Rh ra t i o .  When these 
phosphines were used as t h e  on ly  solvents, t he  n / i  r a t i o s  reached maximum values bu t  
t h e  s e l e c t i v i t i e s  t o  t o t a l  aldehyde products  decreased. 

The SEP and Ph P r h o d i m  complex c a t a l y s t  systems were a l so  compared i n  
continuous 1-butene hydro?orrnylation, ope ra t i ng  v i a  product f l a s h - o f f  (PFO) from t h e  

Table IV.  
I n  the  f i r s t  t h r e e  experiments, t he  SEP system was operated a t  120' w h i l e  t h e  

Ph3P system was running a t  looo.  M s t  impor tan t l y  t he  r e s u l t s  i n d i c a t e  t h a t  t h e  
increased temperature o f  t he  SEP-Rh system i s  h i g h l y  advantageous f o r  ach iev ing  h ighe r  
butene conversions w i thou t  i nc reas ing  t h e  s t r i p p i n g  gas rate. A t  t he  lower  temperature 
o f  t h e  Ph3P-Rh system, a h ighe r  conversion opera t i on  was not  f e a s i b l e  under these con- ' d i t i o n s  because o f  t he  l i m i t e d  product f l a s h - o f f  c a p a b i l i t y  due t o  vapor l i q u i d  
e q u i l i b r i a .  It i s  noted t h a t  t h e  s e l e c t i v i t i e s  o f  t h e  two systems a re  s im i la r .  

In the  o the r  th ree  experiments, t h e  s t a b i l i t y  o f  t he  SEP and Ph P based 

conversion i n  the  case o f  t h e  Ph3P system dropped from 82 t o  65% d u r i n g  t h e  t e s t  
per iod.  About 1/2% per  day o f  t he  Ph3P l i g a n d  was converted t o  buty ld iphenylphosphine 
v i a  o r tho -meta la t i on ( l0 ) .  No s i m i l a r  degradation o f  t h e  SEP l i g a n d  was observed. In 
add i t i on ,  as shown by t h e  t a b l e ,  t h e  s e l e c t i v i t y  o f  t h e  SEP complex system was somewhat 
h ighe r  and d i d  no t  change s i g n i f i c a n t l y  when a m ix tu re  o f  1- and 2-butenes was used i n  
place o f  the pure 1-butene feed. (The 2-butene i s  apparen t l y  o f  very low r e a c t i v i t y  
under these cond i t i ons ) .  

I n  more d e t a i l e d  PFO process s tud ies  o f  t h e  SEP-Rh c a t a l y s t  system a t  120°, 
complete maintenance f o r  30 days o f  both hydroformylat ion a c t i v i t y  and s e l e c t i v i t y  was 
establ ished. I n  these s tud ies,  t he  n / i  r a t i o s  o f  the valeraldehyde products were 
c o r r e l a t e d  w i t h  the  excess phosphine l i g a n d  concentrat ion and CO p a r t i a l  pressure. As 

1 was expected on t h e  bas i s  o f  t he  NMR s tud ies  o f  c a t a l y s t  s t ruc tu res ,  t h e  n / i  r a t i o  was 
d i r e c t l y  dependent on t h e  [SEP] and i n v e r s e l y  dependent on t h e  pC0. 

The c a t a l y t i c  p r o p e r t i e s  o f  a h igh  number o f  a lky ld iphenylphosphine r h o d i m  
complexes were s tud ied i n  batch experiments. Comparative r e s u l t s  obta ined w i t h  
complexes o f  l i gands  o f  t h e  formula Ph PCH CH R '  and Ph P a r e  shown by Table V. 

The r e s u l t s  show t h a t ,  Zt $he2 1M p h o 4 h i n e  concentrat ions,  a l l  t he  
Ph2PCH2CH2R' complexes a re  h i g h l y  s e l e c t i v e  c a t a l y s t s  f o r  hydroformyl a t i o n  a t  145'. 
They prov ide aldehyde products having n / i  r a t i o s  i n  t h e  8.9-18.9 range. I n  general,  
t h e i r  product l i n e a r i t y  i s  s i m i l a r  t o  t h a t  o f  t h e  Ph3P system (n / i  = 11.2). The t o t a l  
aldehyde s e l e c t i v i t y  o f  t h e  Ph PR complex c a t a l y s t  i s  higher. Thei r  n + i aldehyde 
s e l e c t i v i t y  i s  i n  t h e  86.9 t o  61.8% range w h i l e  t h e  corresponding n t i value o f  the 

' Ph P system i s  81.2. However, as expected on t h e  b a s i s  o f  t he  NMR l i g a n d  d i s s o c i a t i o n  
ra?es, t h e  Ph3P system i s  more than t w i c e  as act ive.  

The a c t i v i t y  and s e l e c t i v i t y  of a l l  these c a t a l y s t s  i s  h i g h l y  dependent on 
t h e  excess phosphine l i g a n d  concentrat ion. When t h e  phosphine l i g a n d  concen t ra t i on  was 
dropped t o  0.14 M, t h e  r e a c t i o n  r a t e  u s u a l l y  increased about f o u r f o l d  and t h e  n / i  r a t i o  
o f  t he  aldehyde products decreased t o  about a h a l f  of t h e  prev ious value. O f  course, 
these e f f e c t s  are expected on t h e  bas is  of t h e  c a t a l y t i c  mechanisms suggested by t h e  
NMR studies. 

No d e f i n i t e  c o r r e l a t i o n  could be found between t h e  b a s i c i t y  o f  t he  
Ph2PtH2CH2R' 1 igands and t h e  c a t a l y t i c  p r o p e r t i e s  of t h e i r  rhodium complexes. Overal l  

\ 

1 reac t i on  mixture (F igure 1). The r e a c t i o n  cond i t i ons  and data obta ined a re  shown by 

\ 

/ r h o d i m  c a t a l y s t  systems was compared i n  a s i x  day continuous PFO opera t i on  a$ 145OC. , The hutene conversion achieved w i t h  the  SEP system showed l e s s  than 10% change. The 

, 

, 
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the d i f ferences among these complexes were smal ler  t han  the  d i f f e r e n c e  between them as 
a group and t h e  Ph3P complex. The Ph3P l i g a n d  stands o u t  by v i r t u e  o f  i t s  increased 3- 

backbonding a b i l i t y  which weakens t h e  CO coordinat,ion t o  the  rhodiun. A lso ,  Ph3P i s  a 
s t e r i c a l l y  more demanding l i g a n d  than Ph PCH2CH2R Roth p r o p e r t i e s  increase 
the r e a c t i v i t y  o f  t h e  Ph3P-Rh complex cata5yst  system. 

The ef fect  on c a t a l y s i s  o f  t he  s t e r i c  crowding o f  a l ky ld ipheny l  phosphine 
l i gands  by methyl s u b s t i t u t i o n  on t h e  a- o r  6-carbon atoms o f  t h e i r  a l k y l  group was 
also s tud ied.  The comparative experiments were c a r r i e d  out  us ing  two d i f f e r e n t  l i gand  
concentrat ions a t  145'. The r e s u l t s  a r e  shown by Table V I .  

Compared t o  s t r a i g h t  chain and y-methyl s u b s t i t u t e d  alkyldiphenylphosphines, 
t h e  a- and &methyl s u b s t i t u t e d  d e r i v a t i v e s  l e d  t o  increased hydroformyl a t i o n  r a t e s  but 
reduced s e l e c t i v i t i e s .  The r a t e  i nc reas ing  e f f e c t  was observed a t  t h e  h ighe r  phosphine 
l i gand  concen t ra t i on  o f  1M. The s e l e c t i v i t i e s  were decreased i n  terms o f  l one r  n / i  
r a t i o s  o f  aldehyde products and increased i somer i za t i on  s ide-react ions t o  2-butenes. 
The i somer i za t i on  was p a r t i c u l a r l y  increased a t  t he  low l i g a n d  concentrat ion o f  0.14 
M. A t  an extreme, t h i s  r e s u l t e d  i n  a reduced r e a c t i o n  r a t e  s ince  2-butenes are much 
l e s s  r e a c t i v e  than  1-butene. The e f f e c t  o f  s t e r i c  crowding was f u r t h e r  increased when 
t h e  a, a- and 8, 8-dimethyl s u b s t i t u t e d  a lky ld iphenylphosphines were used i n  p lace o f  
t h e  monomethyl s u b s t i t u t e d  l igands.  

The increased r e a c t i v i t y  o f  branched a l ky ld ipheny l  phosphine rhodiwn complexes 
i s  a t t r i b u t e d  t o  the  accelerated d i s s o c i a t i o n  v ia  s t e r i c  decompression o f  t r i s -  
phosphine rhodiwn carbonyl hyd r ide  complexes t o  p rov ide  r e a c t i v e  species. The reduced 
n / i  r a t i o  o f  t he  products i s  due t o  the  increase o f  rhodium d icarbonyl  hyd r ide  c a t a l y s t  
complexes. The increased i somer i za t i on  t o  2-butenes i s  apparent ly  a consequence o f  t he  
r e v e r s i b i l i t y  o f  reac t i ons  forming t h e  secondary b u t y l  rhodium complex in termediate.  

l igands.  

CON UUS IONS 

The present c o r r e l a t i o n  o f  t h e  s t r u c t u r e  o f  t-phosphine rhod iun  carbonyl 
hyd r ide  complexes w i t h  h igh  temperature hydroformylat ion c a t a l y s i s  data leads t o  the  
extension o f  our p rev ious l y  proposed rhodium hydroformylat ion mechanisms t o  
a lky ld iphenylphosphine l i g a n d  based ca ta l ys ts .  I n  view o f  t h e i r  increased s t a b i l i t y ,  
a1 kyldiphenylphosphines are now recognized as rhod i  urn complex c a t a l y s t  1 igands poten- 
t i a l l y  super ior  t o  the  commercial ly w ide l y  used tr iphenylphosphine. 

A l ky ld ipheny l  phosphines fo rm remarkably s t a b l e  t r i s -phosph ine  rhodium 
carbonyl hyd r ide  complexes of t he  formula (Ph2PCH CH2R')3Rh(CO)H. These a c t  as a 
p re fe r red  r e v e r s i b l e  r e s e r v o i r  f o r  t h e  genera$ion o f  t h e  h i g h l y  r e a c t i v e ,  
c o o r d i n a t i v e l y  unsaturated trans-bis-phosphine carbonyl hyd r ide  i n te rmed ia tes  o f  l - n -  
o l e f i n  hydroformylat ion t o  prov ide most ly  n-aldehyde products. I n  accord w i t h  t h e  
complex e q u i l i b r i a  found among v a r i o u s l y  carbonyl a ted rhodiun complex c a t a l y s t  
precursors, t h e  s t a b i l i t y  and s e l e c t i v i t y  o f  such c a t a l y s t  systems d i r e c t l y  depends on 
t h e  excess phosphine l i g a n d  concentrat ion. It i s  i n v e r s e l y  r e l a t e d  t o  t h e  p a r t i a l  
pressure of t he  CO reactant .  manges i n  t h e  R '  group o f  such l i gands  d i d  no t  r e s u l t  i n  
any profound change o f  t h e  c a t a l y t i c  p r o p e r t i e s  o f  t h e i r  rhodiun complexes although 
they  caused wide v a r i a t i o n s  i n  t h e i r  p ro ton  b a s i c i t i e s .  

In con t ras t  branched a l k y l  diphenyl phosphines having 8- o r  a- a l k y l  
subs t i t uen ts  e.g. 

Ph2PCH2CH( CH3)2 Ph2PCH(CH3)CH2CH3 Ph2PCH2C( CH3)3 Ph2PC( CH3)3 

form r h o d i m  carbonyl hydr ide complexes o f  w ide l y  d i f f e r i n g  s t a b i l i t i e s .  These 
complexes i n  t u r n  e x h i b i t  a broad range o f  c a t a l y s t  behavior. Tris-phosphine r h o d i m  
carbonyl hydr ide complexes o f  these l i gands  are the rma l l y  unstable due t o  s t e r i c  
crowding. This f a c i l i t a t e s  t h e  generat ion o f  r e a c t i v e  species. Under CO pressure, 
complexes o f  these l i gands  a re  l a r g e l y  converted t o  bis-phosphine rhodium d i ca rbony l  
hyd r i de, (P h2PR ) 2R h ( CO ) 2H, i n t e rmed i a t  es o f  n on se l  e c t  i ve hyd r o f  o rmy 1 a t  i on. 
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Thus profound e l e c t r o n i c  d i f f e r e n c e s  between s t e r i c a l l y  noncrowded 
alkyldiphenylphosphine and t r iphenylphosphine r h o d i m  carbonyl hydr ide complexes 
resu l ted  i n  two types of c a t a l y s t  systems having d i s t i n c t  proper t ies.  In con t ras t ,  
small changes i n  the  e l e c t r o n i c  character  o f  a lky ld iphenylphosphine complexes d i d  n o t  
cause s i g n i f i c a n t  changes i n  ca ta l ys i s .  However, small changes i n  t h e  s t e r i c  
requirements o f  a- and 8- branched a l ky ld ia ry lphosph ines  produced tremendous changes i n  
the  c a t a l y t i c  behavior o f  t h e i r  r h o d i m  complexes. Moderate s t e r i c  crowding of  such 
complexes may r e s u l t  i n  h i g h l y  des i red c a t a l y s t  p roper t i es .  However, such s t e r i c  
e f fec ts  on c a t a l y s i s  a r e  d i f f i c u l t  t o  p red ic t .  
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Figure 1 

SCHEME OF CONTINUOUS HYDROFORMYLATION UNIT WITH 
CONTINUOUS PRODUCT FLASH-OFF 
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Figure 2 

CATALYTIC INTERMEDIATES IN PHOSPHINE RHODIUM 
COMPLEX CATALYZED HYDROFORMYLATION OF 1-BUTENE 
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Flgure4 

EFFECT OF TEMPERATURE ON "CO NMR SPECTRUM. PlRh = 9 
CO + (Ph,PbRhHt;[(Ph,~RyCO)Hlt(P4PbRYCO)H + Ph,P 
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EFFECT OF TEMPERATURE ON W O  NHR SPECTRUM: PlRh = 9 
CO + (Ph,p),RyCO)Hr~(Ph,P),),Rh(CObH~~PlhPRh(CObH + Ph,P 
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F lgun 7 

EFFECT OF MODERATE STERIC HINDRANCE 
ON LIGAND DISPLACEMENT AND EXCHANQE 
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Table I 

A HNP'S  o f  Ph PCH CH R LIGANDS AND 31P NMR PARAMETERSa) 
OF THdR (6h26CH2CH2R' )3Rh( CO)H COMPLEXES 

Phosphine 
Phosphine Ligand Complex 

Inverse Chem. Chem. Coupling 
S t ruc tu re  B a s i c i t y Y b )  S h i f t  S h i f t  Constant 

M NP P Pm a,pm Jp-Rh,cps 

Ph2PCH2CH2Si( CH )3  385 -12.2 34.6 150 
Ph2PCH2CH2C( CH 7 41 2 -16.8 27.5 152 
p h 2 p CH 2 CH2 CH2 d 2& CH i:: -16.8 27.5 151 
P h 2P CH2CH2P h -16.6 27.6 153 

P h2P CH2 CH2 - NJ 450 -23.0 21.6 151 

0 

Ph2P CH2CH2 CO2 CH3 455 -17.7 27.9 151 
P h2 P CH2 CH2 SO2 CH3 543 -18.6 27.3 151 

a) 
b,  

A t  35' i n  to luene  so lvent ,  r e l a t i v e  t o  1M phosphor ic acid.  
B a s i c i t y  de terminat ions  were c a r r i e d  o u t  accord ing  t o  t h e  
mod i f ied  method o f  S t r e u l i ( 1 7 )  us ing  p e r c h l o r i c  a c i d  as a 
t i t r a n t  and pure ni t romethane as a solvent.  
za t i on  p o t e n t i a l s  (HNP's) were determined r e l a t i v e  t o  t h e  
va lue  o f  d iphenyl  guanidine. 

H a l f  n e u t r a l i -  
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Table I V  

CONT INUOUS HYDROFORMY LAT ION OF ‘I -BUTENE I N  THE PRODUCT FLASH-OFF MODE 
WITH SEP-Rh AND PhgP-Rh COMPLEX CATALYST SYSTEMS 

TP P - SEP - SEP - SEP - S EP - 
e Temperature, “ C  100 120 120 140 140 

Pressure, kPa 800 1050 1050 1275 1275 
565 675 760 724 775 ;“,a: 69 90 83 138 149 

0 Rhodium Conc. , mW 2.50 2.50 4.44 4.44 4.44 

0 Phosphine Conc., mM 310 600 360 1000 1000 
1-Butene Feed, mo le /h r /L  4.0 4.0 4.0 2.8* 2.8 
Aldehyde Product, mo le /h r /L  1.0 1.0 1.5 1.6 1.6 

0 Cnnversion pe r  Pass, X 26 26 38 56 60 
52** 55** 

Q n t i  S e l e c t i v i t y  X 92 92 91 90 90 
n / i  r a t i o  21 22 21 35 32 
Hydrocarbon Sel e c t  i v i  t y  ,% 7 7 7 8 9 

0 S t r i p p i n g  Gas, mo le /h r /L  35 25 38 24 24 

*Plus 3 mole/hr/L 2-butenes * *Af te r  6 days opera t i on  

TP P - 
140 

1275 
724 
138 

4.44 

1000 
2.8 
2.3 

a2 
65** 

84 
29 
14 

21 
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THE PREDICTION OF THE QUALITY OF COKE BY THE USE OF V ~ - G  DIAGRAMS 

\ 

\ 

I' 

Peng Chen 

Department of Fuels Engineering, University of Utah, S a l t  Lake Ci ty ,  UT 84112 

Permanent address: Central Coal Mine Research I n s t i t u t e ,  Hepingli , Beijing, 
People 's  Republic of China 

All p roper t ies  of coal a r e  more or l e s s  r e l a t ed  t o  the c o a l i f i c a t i o n  meta- 
morphism. However, caking proper t ies  ( p l a s t i c i t y )  a l so  a f f e c t  the coke s t rength .  
Upon heating, coal undergoes chemical changes, giving r i s e  t o  the evolution of gas 
and condensible vapors and leaving behind a s o l i d  residue cons i s t ing  almost e n t i r e l y  
Of carbon. 
coking coal sof tens ,  becomes p l a s t i c ,  and coalesces i n t o  a coherent mass which 
swells and then forms a so l id  porous s t ruc tu re .  In t h i s  s e r i e s  of transformation, 
two important temperature zones can be d is t inguished .  
the  coal i s  p l a s t i c  and the  second i s  t h a t  a t  higher temperature in which the  
r e so l id i f i ed  material cont rac ts .  A strong cont rac t ion  and r e s o l i d i f i c a t i o n ,  which 
is  l i k e l y  t o  occur w i t h  coa ls  of high v o l a t i l i t y  and p l a s t i c i t y ,  produces many 
f i s su res  in the  coke, leading t o  lower mechanical s t rength .  Coke s t r eng th  i s ,  
therefore ,  c lose ly  associated with agglomeration of p a r t i c l e s ,  pore s i ze  and i t s  
d i s t r ibu t ion ,  s t rength  of c e l l  wall and development of f i s s u r e s .  I t  i s  assumed 
t h a t  the  coke s t rength  may be expressed s t a t i s t i c a l l y  as a function of these  two 
parameters. 

a r e  a s  follows: 

maximum per??&& r e f l B % c e  of v i t r i n i t e .  %ax i s  the  maximum percent f l u i d i t y  
measured by the Gieseler plastometer. 

Vr--b diagrams, pu t  forward by Simonis.(2) 
weight v o l a t i l e  matter on a dry,  ash-free bas i s ,  and b i s  t he  t o t a l  d i l a t a t i o n  of 
the coa l ,  measured by the  Audibert-Arnu d i la tometer .  

f i na l  drop of the expansion-pressure curve which i s  function o f  V .  
thickness of the p l a s t i c  layer  of t h e  Sapozhnikov test ,  which r e f l e c t s  the  quant i ty  
of the p l a s t i c  mass. 

abbreviations of Strength Index and Composition Balance Index. 
obtained from petrographic ana lys i s .  

Vr--G diagrams has been p u t  forward by the  Central Coal Mine Research 
Ins t i t vQy(5 ) .  G i s  the caking index of coa l ,  which i s  the modification of Roga 
Index. 

Exper i men t a  1 

f i e l d s  of China. Among these ,  177 samples of 2 tons each were taken from bitumin- 
ous coal mines and seams represent ing  d i f f e r e n t  ages of coal formation and periods 
of metamorphism. Examinations were made according t o  t h e  requirements f o r  coking 
t e s t s  on a semi-industrial  sca le  using a washer, a 200kg coke oven, d i f f e ren t  s i z e s  
of automatic screens,  a micum drum, e t c .  The raw coal was cleaned by a j i g  washer, 

I n  the temperature range 350-500" C ,  depending on the rank of the  coa l ,  

The f i r s t  i s  t h a t  in which 

Many methods t o  pred ic t  the  s t rength  of coke have been proposed. 

(1)  --Log diagrams p u t  forward by Miyazu.(') Here, Fm i s  the  mean 

These methods 

( 2 )  Here, Vr  i s  the  percent by 

( 3 )  X--Y diagrams have been used in the Soviet  Union.(3) Here, X i s  the  
Y i s  the  

( 4 )  S.1.--C.B.I. diagrams were used by S h a p i r ~ ( ~ ) .  S . I .  and C.B.I. a r e  the  
These values a re  

( 5 )  

More than 400 samples of bituminous coa ls  were se lec ted  from the main coal 
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85% of the  coal charged i n t o  the  coke oven was l e s s  than 3mm in s i z e  and had a 
moisture content of 1092 The tes t  coke-oven was constructed of aluminum and 
magnesium blocks. The coke 
s t rength  was determined by the ISO/R 556-1967(E) t e s t .  
s t rength  of coke; the M10 index, abrasive s t r eng th  of coke; the F10 index, 
the  y i e l d  of coke powder of l e s s  than 10mm, and the 460 index,block coke of 
l a rge r  than 60mm a f t e r  t he  drop-shatter t e s t ,  were determined. 

of caking and coking proper t ies  were determined. Most of the t e s t  methods 
adopted a re  s imi la r  i n  p r inc ip l e  t o  the  corresponding methods spec i f ied  in the 
In te rna t iona l  Standards issued by ISO. 

The carbonizing chamber has a width of 450mm. 
The M40 index, crushing 

The proximate ana lys i s ,  u l t imate  ana lys i s ,  petrographic ana lys i s  and t e s t s  

Results 

S t a t i s t i c a l  ana lys i s  on the coa l i f i ca t ion  metamorphism-- Vola t i le  matter 
and mean maximum re f l ec t ance  of coal have been 
t o  describe the c o a l i f i c a t i o n  metamorphism.( 7,8$ There i s  a good co r re l a t ion  
between these  two indices  a s  shown in Table 1 .  
i s  made on whole coal and r e f l ec t ance  so le ly  on v i t r i n i t e ,  which i s  generally 
about 50-80% in coking coa l ,  t he re  i s  s t i l l  a good co r re l a t ion .  Ultimate ana lys i s ,  
such as carbon content ,  hydrogen content ,  and atomic H/C and O / C  r a t i o s  have also 
been used (Table 2 ) .  

o s t  commonly used as  parameters 

Although the  v o l a t i l e  matter index 

Table 1 .  Corre la t ion  Between V r  and max 

Correlation 
Source Regression Equation Coeff ic ien t  

- 
U.S.A. R" max =2.476 - 0.0402xVr -0.944 

Canada & Aust ra l ia  Sibmax =2.519 - 0.0465xV' -0.884 

China max =2.12 - 0.0357xVr -0.917 

Table 2. Corre la t ion  between Cr  , H r  , Or and V r  
(Samples 390) 

Regression Equation Corre la t ion  Coeff ic ien t  

V r  = 247.76-2.52xCr -0.86 
V r  = 1 5 . 2 8 ~ H ~ 4 9 . 5 7  0.90 
vr = 10.7+2.64xor 0.79 

1 0 8 . 2 M .  1 5xHr 
94.32-1.11 xOr 

-0.72 
-0.98 

S t a t i s t i c a l  ana lys i s  of the  caking properties--Although caking proper t ies  
of coal a r e  not always proportional t o  the  coking power, they plan an e s sen t i a l  
ro l e  during carbonization i n  determining the  s t rength  of the coke.'(9) Each 
t e s t  index has i t s  own fea tu res .  Most o f  them, such a s  Roga index ( R I ) ,  Caking 
index (G), Gray-King index ( G K ) ,  Crucible Swelling index Number (CSN) ,  e t c . ,  
r e f l e c t  the overa l l  r e s u l t  of the  process which converts coal from the s o l i d  
s t a t e  in to  the p l a s t i c  s t a t e  and t h e n  r e s o l i d i f i e s  i t  i n t o  a s o l i d  coherent body 
with a porous s t ruc tu re .  
p l a s t i c  s t a t e  while o thers  r e f l e c t  the f l u i d i t y  o f  the  p l a s t i c  mass. The 

Some o f  them r e f l e c t  the temperature range of the  
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cor re l a t ion  of these ind ices ,  therefore ,  is sometimes good and sometimes poor. 
The cor re la t ion  coe f f i c i en t s  between indices  of cohesiveness of coal a r e  summarized 
i n  Table 3. 

Table 3. Correlation Coeff ic ien ts  between Indices of Cohesiveness of Coal 

G R . I .  C.S.N. G.K. Y b Log CY max 

G 1.00 0.98 0.78 0.94 0.83 0.73 0.86 
R.I. 0.98 1.00 0.77 0.91 0.80 0.69 0.87 
C.S.N. 0.78 0.77 1 .oo 0.80 0.63 0.58 0.37 
G.K. 0.94 0.91 0.80 1.00 0.86 0.83 0.88 
Y 0.83 0.80 0.63 0.86 1.00 0.92 0.66 
b 0.73 0.70 0.58 0.83 0.92 1.00 0.76 
Log aaax 0.86 0.87 0.37 0.88 0.66 0.76 1 .oo 

Relationshi between com onents and rope r t i e s  of coal and coke strength-- 
Among the  177 sa ip l e s  used in’the coke-ovEn t e s t s ,  29 samples could n o t  go through 
the  tumbler t e s t .  
there  remained 134 coal samples. Organic components, c o a l i f i c a t i o n  metamorphism 
and caking proper t ies  a re  in te rna l  va r i ab le s  c h a r a c t e r i s t i c  of the  coal used. 
addi t ion ,  the  coke produced a l s o  depends on external va r i ab le s  such as the  p a r t i c l e  
s i z e  of coa l ,  t he  bulk dens i ty  of the charge, the heating r a t e ,  the coking tempera- 
t u re ,  the coking time and the s t ruc tu re  of the coke oven. In the present study, 
these external var iab les  a re  constant.  I t  was, therefore ,  poss ib le  t o  use a few 
parameters r e fe r r ing  t o  the  in te rna l  var iab le  of coal coking to  r e f l e c t  t he  
r e l a t ion  between the  property of coal and coke s t rength .  

out f o r  134 coal samples. The r e s u l t s  a r e  l i s t e d  in  Table 4. The F-test demon- 
s t r a t ed  the following: 

b e t t e r  than the  1 inear  equation, and 

w i t h  the second order equation. 

After deducting the samples of charges containing >15% ash, 

I n  

Trend sur face  ana lys i s  can be used t o  solve t h i s  problem. I t  has been ca r r i ed  

(1)  The second order equation, square trend-surface equat ion ,  i s  d i s t i n c t l y  

( 2 )  The cubic equation does not  have a s i g n i f i c a n t  d i f fe rence  a s  compared 

Table 4. Goodness of F i t  f o r  Vr--G on Coke Qua l i t i e s  
- 

F i t t i n g  Indices o f  Coke Q u a l i t i e s  
Trend Equation M40 M10 Q60 440 F10 

Liner 0.53 0.68 0.36 0.62 0.56 
Square 
Cubic 

0.69 
0.70 

0.82 
0.82 

0.50 
0.53 

0.80 
0.85 

0.77 
0.77 

Therefore, t he  second order equation i s  used t o  ind ica t e  the t rend  sur face .  
From Figures 1 and 2, the following information may be obtained: 

( A )  When a coal has a v o l a t i l e  matter (daf )  of l e s s  than 30%, the  coke 
s t rength  i s  mainly cont ro l led  by the cohesiveness. 

(B )  When a coal has a v o l a t i l e  matter (daf )  of more than 30%, the coke 
s t r eng th  i s  cont ro l led  by both the  cohesiveness and the  degree of metamorphism 
of coa l .  
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I 

(C) 

( D )  

As t he  v o l a t i l e  mat te r  (da f )  increase ,  the  s t rength  i s  more a f fec ted  
by the degree of metamorphism of coal.  

The e f f e c t  of the  degree of coal metamorphism i s  grea te r  on the M40 
index than on the M10 index. 
on M40. 

mainly a f f ec t ed  by the degree of coal metamorphism. 
o f  1 ump coke decreases.  

a f fec ted  by the cohesiveness of the  coa l .  
a f fec ted  by the cohesiveness of coal.  

If  o the r  ind ices  r e f l e c t i n g  the  degree of coal metamorphism and the 
cohesiveness were used, s imi l a r  r e l a t ions  would be obtained (Table 5) .  The combina- 
t i ons  of Vr and o the r  ind ices  r e f l e c t i n g  cohesiveness usually did not show any 
d i f fe rence  in goodness of f i t  f o r  t he  M40 index. As f o r  the M10 index, the combina- 
t ion  o f  Vr--G i s  d i s t i n c t l y  b e t t e r  than Vr--Y or  Vr--Log max ,  or C.S.N. 
i t  i s  ev ident  t h a t  

The e f f e c t  of the cohesiveness i s  l a rge r  on MI0 than 

I t  may be seen from Figures 3 and 4 ,  t h a t  the  percentage of lump coke is 
As V r  increases ,  the percentage 

I t  may be seen from Figure 5 t h a t  the percentage of coke breeze is  mainly 
The higher the  V r ,  the  more i t  i s  

T h u s ,  

( 1 )  

(2 )  

Caking index G,  which we have improved, i s  b e t t e r  than o ther  indices 

Index V i s  b e t t e r  t h a n  Fm x. The former i s  based on whole coal and 

r e f l ec t ing  cohesiveness o f  coal.  

the l a t t e r  i s  based on v i t r i n i t e  i n  eoal only. 

Table 5. Comparison of Goodness of F i t  when F i t t i n g  with 
Dif fe ren t  Indices 

Coke Strength 
Combination of -M40T- M l U  

Differen t  Indices Square Cubic Square Cubic 

v r  v i s .  G 0.69 0.70 
vr v i s .  R. I .  0.69 0.70 
V r  v i s .  Log a,,,ax 0.67 0.69 V T  v i s .  Y 0.66 0.69 
V" vis. C.S.N. 0.68 0.72 
- V r  v i s .  b 0.63 0.67 
Romax-Log O"max 0.59 0.60 
Rbmax-(Cd)2/3* 0.57 0.62 

0.82 0.82 
0.78 0.81 
0.66 0.72 
0.55 0.70 
0.56 0.59 
0.44 0.62 
0.66 0.70 
0.33 0.39 

/ ,  

I 

I 

_ _ _ ~  

* (Id)2,3, vol.  % of 2/3 semi-v i t ran i te  i n  coal p lus  f u s i n i t e  and semi- 
f u s i n i t e ,  then p l u s  mineral impur i t ies  i n  coal.  [ 

Taking advantage of these r e s u l t s ,  we can es t imate  the s t rength  of coke 
using the  diagram o f  Vr--G. 
obtained from a semi-industrial  s ca l e  oven and are d i f f e r e n t  from the  r e s u l t s  
i n  a conventional coke oven. I n  genera l ,  the coke s t r eng th  i s  s l i g h t l y  lower 
f o r  t he  smaller oven, bu t  i t  i s  not important in se l ec t ing  the  blending r a t i o s  
of coa ls .  

optimum area ,  we can add some coa ls  t o  t h e  blending coals t o  move the pos i t ion  

We must po in t  ou t  t h a t  these  results have been 

If the value of blending coa ls  in t h e  Vr--G diagram does not  f a l l  i n  the  

I 
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i n  the Vr--G diagram i n t o  optimum area.  
ment t o  enhance the a b i l i t y  t o  make be t t e r  coke o r  t o  improve the  economics of 
manufacturing coke. 
We can, fo r  example, use preheating t o  improve the  caking a b i l i t y  of these 
blending coa ls ,  which a r e  low i n  caking a b i l i t y  and have a pos i t ion  i p  the  Vr--G 
diagram low on the  optimum area .  The optimum area f o r  blending has V values from 
28% t o  32% and G values from 60 t o  75. 
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In addi t ion ,  we may use fu r the r  t r e a t -  

The methods of fu r the r  treatment a re  shown in Figure 6. 

The author g ra t e fu l ly  
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Forecasting the  M40 with the square trend sur face .  

Forecasting the  M10 with the  square trend sur face .  

Forecasting the 960 w i t h  the square trend sur face .  

Forecasting the Q40 with the square trend surface.  

Forecasting the F10 with the square trend surface.  
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6.  Some methods of fu r the r  treatment t o  improve the coke s t rength  using Vr-G 
diagram. 
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MICROANALYTICAL CHARACTERIZATION OF NORTH DAKOTA FLY ASH 

S.A. Benson, D.K.  Rindt,  G.G. Montgomery, and D.R. Sears 

Grand Forks Energy  Technology Center 
U.S. Department o f  Energy 
Grand Forks,  N.D. 58202 

! 

INTRODUCTION 

Goals o f  part iculate research a t  t h e  Grand Forks  Energy Technology Center 
(GFETC) include detailed characterization o f  f ly  ash w i th  respect t o  those proper -  
t ies which relate t o  cont ro lab i l i t y  as well as possible environmental hazards o f  emis- 
sions. The  focus i s  en t i re ly  on low- rank  western and Gulf  Province coals, whose 
propert ies are d is t inc t l y  d i f f e ren t  from those o f  eastern coals. Typ ica l l y  t he  wes- 
t e r n  coals have h igh  moisture, low su l fu r ,  and large var iat ions in the  d i s t r i bu t i on  
of inorganic constituents. 

Beulah, a Nor th  Dakota l igni te,  was used in t h e  combustion tests o f  p r imary  
in te res t  t o  th i s  paper.  Th is  l ign i te  i s  ex t raord inar i l y  var iable in i t s  inorganic con- 
st i tuents.  For example, t h e  sodium content can have a tenfold var iat ion w i th in  a 
few hundred meters in a single seam (1). T h e  specific Beulah l ign i te  used was 
selected f o r  i t s  h i g h  sodium content.  

The f l y  ash was generated f o r  t h i s  research us ing  t h e  GFETC Particulate Tes t  
Combuster (PTC), i l l us t ra ted  in t h e  schematic in F igure  1. Th is  unit i s  an axial ly-  
f i r ed  pulver ized coal combustor w i th  a nominal consumption of 34 k g  coal /hr .  T h e  
unit i s  designed t o  generate ash character ist ic o f  t h a t  produced w i th  similar fuel  in 
a fu l l -s ized utility boi ler .  Ax ia l  f i r i n g  maximizes the  f ly ash/(bottom ash + slag) 
rat io.  The  fly ash samples f o r  analysis were collected a t  t h e  in le t  t o  the  baghouse 
w i th  two devices, a f ive-stage multicyclone and a source assessment sampling system 
(SASS). The f lues are  equipped w i th  heat exchangers permi t t ing  de l i very  o f  f l ue  
gas t o  the  chosen control  device at  temperatures f rom -10Oo to  390OC. Dur ing  these 
tests, t he  PTC was equipped w i th  an experimental baghouse because o f  on-going 
fabr ic  f i l t e r  research at  GFETC. T h e  PTC instrumentat ion permits measurement o f  
f lue gas condition such as temperature and concentrations of SO2,  NOx, 0 2 ,  and 

The  coal and fly ash were characterized b y  several analytical techniques. The 
inorganics of the  coal were examined b y  an ex t rac t ion  technique which selectively 
removes the  inorganics depending upon t h e i r  association in the  coal (2). Low tem- 
pera ture  ashing w i th  subsequent x - r a y  d i f f rac t ion  was used t o  i den t i f y  t he  mineral 
phases of t he  coal. T h e  f ly  ash was examined and analyzed by scanning electron 
microscope/microprobe, Electron Spectroscopy f o r  Chemical Analysis (ESCA), x - ray  
d i f f rac t ion  and x - r a y  fluorescence. 

cop. 

COAL CHARACTERISTICS 

The inorganics associated w i th  the  Beulah l ign i te  consist o f  a complex mix tu re  
of cations bound t o  the  humic acid groups, possible chelates o r  coordination com- 
plexes, minerals formed d u r i n g  coalification, and minerals accumulated d u r i n g  de- 
position. Trad i t ionar  and non-tradi t ional  methods were used t o  examine the  coal char- 
acteristics. The  tradi t ional  analysis o f  t h e  l ign i te  i s  summarized in Table 1 which 
l is ts the  ultimate analysis, moisture, heat ing value, and major element ash analysis. 

One of t h e  two "non-tradi t ional  methods" used i s  low-temperature ashing in  an 
oxygen plasma a t  15OOC w i th  x - r a y  d i f f rac t ion  analysis t o  determine the  crystal ine 
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phases in t h e  ash. T h e  phases ident i f ied include SiO2 (quar tz ) ,  FeS2 (pyr i te) ,  
kaolinite, and CaCO, (calcite). The  second method involves a procedure which 
selectively removes inorganics (2).  The  ion-exchangeable cations and soluble salts 
are removed with 1 M  ammonium acetate. The coal i s  then extracted w i th  1M hydro- 
chlor ic acid t o  remove chelated species, acid decomposible minerals such as carbon- 
ates, and oxides. The  inorganics remaining in t h e  coal can include FeS2, organ- 
ical ly bound su l fu r ,  quar tz ,  and clay minerals. T h e  elements found  t o  be  extracted 
w i th  ammonium acetate a re  Na (100% o f  t h e  total  Na content), Mg (88%), Ca (41%), 
and K (57%). The  elements removed b y  HCI are Mg  (20%), AI (61%), Ca (50%) and 
Fe (30%). The elements which remain are  Si (loo%), Fe (70%), AI (40%), and S 
(100%). Table 2 summarizes a s tudy  o f  t h e  inorganic const i tuents in Beulah l igni te 
and the  geologic formation it is  f ound  in. 

TABLE 1. TYPICAL COAL AND COAL ASH ANALYSIS OF BEULAH, N .D .  LIGNITE 

Ultimate Analysis, as Fired 

Carbon 46.29% 
Hydrogen 5.29 
Nitrogen .62 
Su l fu r  .99 
Ash 8.2 
Moisture 27.2 
Heating value 17,460 J /g  

(7512 Btu / lb )  

Coal Ash Analysis, Percent 

S i02  22.3 
A1203 11.7 
Fe203 9.8 

CaO 15.7 
T i 0 2  0.9 

MgO 5.3 
Na20 9.9 
K 2 0  0.7 
503  23.0 

ASH SAMPLING 

F ly  ash i s  sampled isokinet ical ly in  th ree  ways in the  PTC: 1) Using a modified 
U.S.  EPA "method 5" (3) d u s t  loading f i l te rs ;  2) b y  collection in a Southern Re- 
search Inst i tute* 5-stage mult icyclone which simultaneously samples isokinet ical ly 
and size fractionates t h e  ash (4,5); 3) by collection in a three-stage cyclone module 
o f  an  Acurex* Source Assessment sampling system o r  "SASS-Train" (6,7). Nominal 
aerodynamic size ranges f o r  t he  mult icyclone and the  SASS-Train, at  t h e  stated flow 
rates, appear in Table 3. Nominal size ranges, expressed as aerodynamic diameters 
in pm are  those corresponding t o  actual  f low rates employed. T h e  f i gu res  represent 
t h e  mass median diameters (D50) o r  " c u t  points", o f  the  size d i s t r i bu t i on  en ter ing  
o r  leaving t h e  stage. 

Un ivers i ty  of Washington Mark  I l l *  cascade impactors were used to  more pre-  
c isely determine par t i c le  size d i s t r i bu t i on  (7). T h e  cumulative par t i c le  size d i s t r i bu -  
t ion, expressed in aerodynamic diameters, appears in Figure 2. Th is  data i s  used 
on ly  f o r  comparison. The  b u l k  o f  t h e  character izat ion work  was done on the  mult i -  
cyclone and SASS Tra in  samples because t h e  masses o f  part ic les collected by the  
impactor are v e r y  small and inadequate f o r  analysis. 

*Reference to specific b rand names and models i s  done to  faci l i tate unders tand ing  
and ne i ther  const i tutes n o r  implies endorsement by t h e  Department o f  Energy.  
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TABLE 2. INORGANIC CONSTITUENTS IN BEULAH 
LIGNITE AND SENTINEL BUTTE FORMATION (2) 

Beulah L ign i te  Sentinel Bu t te  Formation 

Constituent Whole Coal S ink  Fraction Overburden L ign i te  Underclay 

Alkal i  feldspars 
Augi te 
Baru te  
Biot i te 
Calcite/dolomite 
Chlor i te 
Galena 
Gypsum 
Hematite 
Hornblende 
I l l i te  
Kaolinte 
Magnetite 
Montmori I lonite 
Muscovite 
Plagioclase 
Pyr i te  
Quartz 
Rut i le 
Volcanic glass 

xxx 

X 
X 
X 

X 

xxx 
xxx 

X 

X 

xxx 
xxx 

X 

xx 

xx 
X 

X 

X 
xxx 
xxx 

xx 

X 
xx 
xx 

X 
xx 
xx 

xxx 

xxx 

xxx 

X 

X 

X X 
X 
X 

X 
X 

xxx 
xx 

X X 
xxx xxx 

X xxx 

X X 

xxx xxx 
xx 

XXX Abundant 
XX Common 
X Minor 

TABLE 3. AERODYNAMIC SIZE RANGES (UPPER AND LOWER D50 CUT POINTS) AND 
SAMPLE FLOW RATES OF GFETC'S ASH SAMPLING EQUIPMENT 

~ ~~~~ 

Southern Research Ins t i tu te  Acurex/Aerotherm 
Instrument Multicyclone SASS Train* 

Flow ra te  employed 9.36 113.2 
STD I/min 

Stage No. 1 2 3 4 5 1 2 3  

Nominal size range >10.3 10.3-5.6 5.6-4.15 4.15-1.9 1.9-1.55 >IO 10-3 3-1 
(upper and lower 
D50) rpm 

RESULTS AND DISCUSSION 

F ly  ash samples were collected by the  SASS T r a i n  t o  p rov ide  larger masses b u t  
only 3 size cu ts  f o r  x - r a y  fluorescence (XRF) and x - r a y  d i f f rac t ions  (XRD) .  The 
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elemental t rends  determined by XRF analysis show increasing concentration O f  Na20 
and SO, and decreasing Si02, CaO, Fe203, and MgO w i th  decreasing part ic le size. 
Very l i t t l e  change was no ted  f o r  A1203 o r  the  minor elements (Ti02, KzO., and 
Pz05) .  These relat ionships a r e  i l l us t ra ted  graphical ly in Figure 3. X - ray  dl f f rac- 
tion was used t o  ident i f y  t h e  crystal l ine species in each size f ract ion.  The  trends 
show t h e  fol lowing relat ionships.  

1 .  Na2S04, Na2Ca(S04)2 are  present  in the  smaller size fractions. 
2. Si02, CaO noted in la rger  size f ract ions and no t  in smaller size frac- 

t ions.  Fe3O4-MgFe2O4-Mg0 phases decrease from la rger  t o  smaller 
size f ract ions.  

3.  Possible AI2SiO5 and K 2 S 0 4  phases noted in smallest size fractions. 

These two  b u l k  part ic le character izat ion methods show the  t rends  of the  elemental 
d is t r ibu t ion  versus  par t i c le  size and how the  elements are combined. The most in- 
terest ing t r e n d  i s  t he  inc reas ing  amount o f  Na20 and SO3 wi th  decreasing part ic le 
sizes. T h i s  leads to  t h e  part ic le- to-part ic le characterization us ing  the  scanning 
electron microscope/microprobe f o r  var ious sizes o f  part ic les collected w i th  t h e  5- 
stage multicyclone. 

The scanning electron microscope (SEM) equipped w i th  an energy dispersive 
x - ray  analyzer was used t o  image and analyze part ic les down t o  -1pm in size. The 
particles were selected a t  random f o r  analysis by us ing  a g r i d  over lay of points 
generated by random numbers on  the  SEM photomicrograph. A typ ica l  SEM pl;oto- 
micrograph is shown in F igure  4. One hundred  part ic les fo r  each stage were ana- 
lyzed, determining 10 elements p e r  part ic le,  and sized. A l l  data was entered i n to  a 
computing system f o r  correlat ion analysis. 

The average par t i c le  size determined f rom t h e  SEM photomicrographs fo r  each 
stage are l is ted in Table 4. Tab le  4 also l i s ts  the  Na20 and SO3 concentration 
averages f o r  all f i v e  stages along w i th  t h e  ra t io  o f  Na20 t o  SO3. The  concentra- 
t ions of NazO and SO3 increase as part ic le decreases and the  ra t io  of Na20 t o  SO3 
is v e r y  close to  t h a t  o f  p u r e  Na2S04 f o r  stages 1, 3, and 4. The  part ic les collect- 
ed in stage 5 are n o t  consistent w i t h  the  o ther  stages in particle-size o r  in the  ra t io  
o f  NazO t o  SO3. T h e  reasoyf 'for t h e  inconsistence in t h e  rat io could b e  due t o  t h e  
bimodal d is t r ibu t ion  o f  SO3 shown in F igure  5, and also t o  the  presence o f  Na2Ca- 
(SO412 noted b y  XRD in the  small size f rac t ion  o f  t h e  SASS samples. 

The compositional re lat ionships can be represented b y  plots o f  composition v e r -  
sus composition fo r  selected cons t i tuent  pa i rs .  These p lo ts  can be  used t o  ascertain 
the  or ig in  o f  certain species f rom t h e  or ig ina l  mineral  matter o f  the  coal and t h e  
interactions t h a t  have occur red  d u r i n g  combustion. For example, F igure  6 i l lus- 
t ra tes  t h e  compositional p lots f o r  several combinations. F igure  6-1 represents t h e  
p lo t  of A1203 versus  Si02 which reveals a c lus te r  o f  points around a slope of 
approximately 0.8. Minerals hav ing  been ident i f ied  in Beulah (2) include biotite, 
kaolinite, muscovite, and i l l i te,  where the  Al/Si ra t io  i s  in the  range of 0.67-1.0. 
From th i s  it can be suggested t h a t  t h e  alumino-sil icate framework remains in tac t  
a f te r  combustion. T h e  common clay minerals have a range in composition o f  25-45% 
A1203 and  35-50% Si02. Since most o f  t h e  part ic les in F igu re  6-1 contain less than 
these percentages, e i ther  t h e  aluminosilicates somehow became combined w i t h  addi- 
t ional  elements o r  became coated. 

The  plot  of Na20 versus  CaO in F igu re  6-2 shows inverse  relationship which is  
supported b y  t h e  XRF data in F igu re  3. 

In t h e  plots of S i02  versus  SO3 and  A1203 versus  SO3, Figures 6-3 and  6-4, 
t he re  is a c rude negat ive correlat ion between S i02  o r  A1,03 and SO3. Despite con- 
siderable scatter, many o f  t h e  po in ts  l i e  in t h e  region along lines connecting clay 
minerals, a t  0% SO3, w i t h  Na2S04 o r  g lauber i te  a t  0% S i02 .  T h i s  is consistent w i th  
c lay- l ike part ic les becoming coated w i th  Na2S04. 
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TABLE 4. SIZE, SODIUM, AND SULFUR RELATIONSHIPS 
FOR EACH STAGE OF THE MULTICYCLONE 

Weight Average 

Stage Particle Size ,vm Na2 O,% so3 ,% Na20/SOa 

1 5.48 8.60 10.98 0.79 
2 1.99 10.78 12.53 0.86 
3 1.29 13.20 17.02 0.78 
4 1.20 13.98 19.43 0.72 
5 1.38 14.99 23.05 0.65 

Na20/S03 in p u r e  Na2S0, = 0.78 

Surface analysis o f  t he  part ic les was performed u t i l i z ing  ESCA. The  ESCA 
analysis technique analyzes t o  a depth  o f  20 to  30A. A typ ica l  ESCA scan i s  shown 
in F igure  7 fo r  Stage 5 part ic les.  The major const i tuents found on  t h e  surface in- 
clude Ba, 0, Ca, Na, C, s, and Si. T h e  publ ished b ind ing  energies (8) o f  the  
elements detected b y  the  detailed ESCA scans show t h a t  Na, Ca, and Ba are present  
as sulfates. The Na, AI, and Si may be  t ied  u p  as silicates, but detailed b ind ing  
energies f o r  such compounds are  unavailable in the  l i te ra tu re .  

T h e  surfaces o f  t he  part ic les were characterized b y  a sputter-etching technique 
used t o  remove surface layers followed b y  subsequent ESCA analysis. It was found 
tha t  carbon and su l fu r  were concentrated on  t h e  surface of a l l  f i v e  stages o f  t h e  
multicyclone samples. Contamination o f  t he  surface o f  t h e  part ic les can la rge ly  b e  
a t t r ibu ted  to  the high concentrat ion o f  carbon. The  presence o f  sodium was noted 
on t h e  surface o f  t he  la rger  part ic les b u t  in the  smaller size f ract ions ((1.5 pm) the  
sodium concentration was more uni form th roughout  the  dep th  analyzed by spu t te r i ng  
Campbell and others (9) also showed t h a t  Na, S, and C were found on t h e  surface 
o f  ash particles. In all cases, except f o r  Stage 5, Ca, AI, and Si were found  t o  
increase a f te r  spu t te r ing .  

CONCLUSIONS 

The  most s igni f icant t r e n d  noted by all techniques was the  increase o f  sodium 
and su l fu r  w i th  decreasing par t i c le  size. The re la t i ve ly  more volat i le sodium salts 
may sublimate t o  fo rm v e r y  small part ic les o f  p u r e  salt o r  they  may condense on t h e  
surfaces o f  other part ic les such as aluminosilicates or ig ina t ing  f rom clay minerals of 
t h e  coal. The la t te r  i s  suppor ted  by the  resul ts of t h e  SEM data in Figures 6-3 
and 6-4 and the  ESCA resul ts.  These resul ts suppor t  t h e  va l i d i t y  o f  vaporization- 
condensation mechanisms o f  part iculate formation. A summary o f  t he  possible mech- 
anisms o f  part iculate formation a re  descr ibed b y  Damle and others (10). 

The  work  descr ibed here  i s  p a r t  o f  an  ongoing pro jec t  a t  GFETC t o  develop a 
model f o r  ash formation d u r i n g  t h e  combustion o f  low- rank  coals. 
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Figure 7. ESCA Scan o f  Stage 5 o f  t he  Multicyclone 
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Figure 4.  Secondary Electron Image of Par t ic les  from Stage  1 
Mu1 t i  cycl one 
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Figure 5. Concentration Population Distribution for  SO3 in Particles 
Collected in Stage 5 of the Multicyclone 
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On the  A p p l i c a t i o n  o f  Complex E q u i l i b r i u m  C a l c u l d t i o n s  t o  the  Study o f  
M ine ra l  M a t t e r  d u r i n g  Coal Combustion 

R. W .  C a r l i n g ,  R. W .  Mar, and A .  S. Nagelberg 

Sandia Na t iona l  L a b o r a t o r i e s  
Livermore, C A  94550 

I n t r o d u c t i o n  

Coal i s  a complex m i x t u r e  o f  o rgan ic  and i n o r g a n i c  m a t e r i a l s .  
i no rgan ic  p o r t i o n ,  t h e  minera l  m a t t e r ,  u s u a l l y  makes up a s i g n i f i c a n t  
p o r t i o n  o f  a c o a l ' s  composi t ion.  The con ten ts  vary  f rom seam-to-seam b u t  
cdn be as h i g h  as 32 we igh t  percent ,  w i t h  an average o f  15 we igh t  
pe rcen t  f o r  Nor th  American coa ls .  M ine ra l  m a t t e r  a c t s  as a d i l u e n t  and 
i s  c l e a r l y  undes i rab le  i n  m in ing  and t r a n s p o r t a t i o n .  It i s  a l s o  t h e  cause 
o f  many problems w i t h i n  a combustor, such as gaseous and p a r t i c u l a t e  
emissions, f o u l i n g ,  s lagg ing ,  co r ros ion ,  and e ros ion .  Wi th  t h e  inc reased 
usage o f  coa l  t o  f u l f i l l  t h e  n a t i o n ' s  and the  w o r l d ' s  energy 
requirements,  h i g h e r  m ine ra l  con ten t  c o a l s  w i l l  p l a y  a more s i g n i f i c a n t  
r o l e  i n  the  f u t u r e .  There fore ,  i t  has become i m p o r t a n t  t o  unders tand 
t h e  behav io r  o f  t he  minera l  m a t t e r  and i t s  consequences i n  coa l  
u t i 1  i z a t i o n  systems. 

I n  t h i s  r e p o r t  we d iscuss  t h e  a p p l i c a t i o n  o f  complex thermochemical 
c a l c u l a t i o n s  t o  t h e  study o f  minera l  m a t t e r  behav io r  d u r i n g  the  
combustion o f  p u l v e r i z e d  c o a l .  I n  p r i n c i p l e ,  one can s p e c i f y  the  
c o n d i t i o n s  o f  combustion (e.g., temperature,  t o t a l  p ressure ,  and oxygen 
p a r t i a l  p ressu re )  and then c a l c u l a t e  t h e  chemical e q u i l i b r i u m  between 
r e a c t i o n s  i n v o l v i n g  a l l  o r  se lec ted  f r a c t i o n s  o f  t h e  elements found i n  a 
coal  p a r t i c l e .  These c a l c u l a t i o n s  may be used t o  p r e d i c t  t h e  ash and 
gaseous species formed d u r i n g  combustion. P r a c t i c a l  problems such as 
submicron f l y  ash fo rmat ion ,  depos i t  f o rma t ion ,  f o u l i n g ,  and c o r r o s i o n  
may be addressed i n  t h i s  manner. An unders tand ing  o f  t he  fo rma t ion  o f  
chemical  species and the  e f f e c t s  o f  changes i n  o p e r a t i n g  parameters and 
system chemis t ry  on s t a b i l i t y  ranges shou ld  a i d  i n  i d e n t i f y i n g  c o n t r o l  
s t r a t e g i e s  t o  combat harmful  species.  B a s i c a l l y ,  one i s  seek ing  t o  
improve and c o n t r o l  the  thermochemical environment o f  t h e  coa l  p a r t i c l e  
by the  proper  s e l e c t i o n  o f  o p e r a t i n g  parameters c o n d i t i o n s  and chemical 
c o n s t i t u e n t s .  

A t  t he  ou tse t ,  one m igh t  ques t i on  the  a p p l i c a t i o n  o f  e q u i l i b r i u m  
c a l c u l a t i o n s  t o  a nonequ i l i b r i um process such as coa l  combustion. There 
migh t  no t  be t i m e  f o r  chemical e q u i l i b r i u m  t o  be a t t a i n e d ,  and t h i s  i s  
p s r t i c u l d r l y  t r u e  where the  r e a c t a n t s  a re  l a r g e  p a r t i c u l a t e s .  
E q u i l i b r i u m  c a l c u l a t i o n s  shou ld  be cons idered dn i m p o r t a n t  f i r s t  step, 
t o  be f o l l o w e d  by an examinat ion  and i n c o r p o r a t i o n  o f  k i n e t i c  aspects.  
That i s ,  educated guesses must be made concern ing  t h e  r e a c t i v i t y  and 
re lease  o f  chemical  c o n s t i t u e n t s  o f  t he  coa l .  K i n e t i c  f a c t o r s  may be 
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i n t roduced  by s p e c i f y i n g  the  chemical s t a t e  o f  t he  c a l c u l a t i o n ,  which 
may d i f f e r  cons ide rab ly  f rom the  t o t a l  coa l  chemis t r y .  Even i f  
e q u i l i b r i u m  c o n d i t i o n s  e x i s t e d ,  u n c e r t a i n t i e s  and v a r i a t i o n s  i n  the  
c a l c u l a t e d  r e s u l t s  may be i n t roduced  by a number o f  f a c t o r s .  
paper we address t h e  impact o f  t h r e e  p o t e n t i a l  sources o f  e r r o r  on 
minera l  m a t t e r  c a l c u l a t i o n s ,  namely: 1 )  e r r o r s  i n  t h e  data, 2 )  
s e l e c t i o n  o f  species,  and 3 )  s o l u t i o n  fo rmat ion .  

I n  t h i s  

COMPLEX EQUILBRIUM CALCULATIONS 

Numerous methods have been r e p o r t e d  f o r  comput ing complex thermodynamic 
e q u i l i b r i a ,  b u t  a l l  methods a r e  based on t h e  methods o f  B r i n k l e y ( 1 - 2 )  
o r  White, Johnson, and D a n t z i g ( 3 ) .  
f o r m u l a t i o n  o f  independent chemical  r e a c t i o n s  and t h e  simultaneous s o l u t i o n  o f  
e q u i l i b r i u m  cons tan t  express ions .  A s u p e r i o r  approach, f i r s t  suggested by 
White e t  a1 . (3 ) ,  i n v o l v e s  t h e  computa t ion  of t he  compos i t ion  t h a t  
min imizes  the  Gibbs f r e e  energy o f  t he  system. 

A number o f  independent computer programs t o  c a l c u l a t e  complex 
e q u i l i b r i a  by f r e e  energy m i n i m i z a t i o n  have been developed over  t h e  
yea rs (4 -7 ) .  P. major s tep  f o r w a r d  was taken by Er ickson(8-10)  i n  h i s  
development o f  codes c a l l e d  SOLGAS and SOLGASMIX. These codes a r e  
capable o f  hand1 i n g  systems c o n t a i n i n g  mu1 t i p l e  condensed phases, i d e a l  
and non idea l  s o l u t i o n s ,  and m i x t u r e s  a t  cons tan t  t o t a l  p ressure  and 
temperature.  Bessman(l1) m o d i f i e d  SOLGASMIX t o  hand le  the  a d d i t i o n a l  
case o f  e q u i l i b r i a  a t  cons tan t  gas volume and v a r i a b l e  pressure;  h i s  
ve rs ion  i s  c a l l e d  SOLGASMIX-PV. 
SOLGASMIX-PV and i n t e r f a c e d  i t  w i t h  CHEMKIN(13) t h a t  a l l ows  users  a t  
Sandia N a t i o n a l  L a b o r a t o r i e s  t o  share t h e  v a s t  thermochemical da ta  base 
a l ready  a v a i l a b l e  a t  Sandia. 

Whi le the  e q u i l i b r i u m  s t a t e  o f  a complex chemical  system i s  unique, t he re  
i s  no guarantee t h a t  a l l  f r e e  energy m i n i m i z a t i o n  codes w i l l  p rov ide  
t h e  same answer. The Gibbs f r e e  energy su r face  may i n  f a c t  c o n s i s t  o f  a 
number o f  l o c a l  minima; thus ,  a f r e e  energy m i n i m i z a t i o n  r o u t i n e  cou ld  
i s o l a t e  on a l o c a l  minimum r a t h e r  than the  grand minimum. D i f f e r e n t  
numerical  a lgo r i t hms  and convergence c r i t e r i a  se lec ted  f o r  t h e  i t e r a t i v e  
methods o f  f r e e  energy m i n i m i z a t i o n  ahd d i f f e r e n t  programming s t r u c t u r e s  
may a lso  l e a d  t o  c o n f l i c t i n g  r e s u l t s .  Fo r  example, M i n k o f f ,  Land, and 
B l a n d e r ( l 4 )  have shown t h e  NASA CEC code(4)  t o  be incapab le  o f  converg ing  
on a s o l u t i o n  when minor amounts o f  condensed phases are  p resen t  i n  
d e l i c a t e  balance. By u s i n g  a p r i m a l  geometr ic programming approach, 
Minkof f  e t  a1 . (14 )  were a b l e  t o  e l i m i n a t e  convergence problems. Another 
cause o f  i n a c c u r a t e  r e s u l t s ,  perhaps t h e  most obvious, i s  erroneous 
thermochemical da ta  o r  poor da ta  r e p r e s e n t a t i o n  ( cu rve  f i t t i n g  o f  t he  
da ta ) .  

A semian th rac i te  coa l  compos i t i on  ob ta ined  f rom t h e  Penn S i a t e  Cod1 Data 
Base (PSOC #627) was used i n  t h i s  study. The chemical  compos i t ion  o f  
t he  coa l  i s  shown i n  Table I .  A c a l c u l a t i o n  was c a r r i e d  o u t  i n  which 

B r i n k l e y ' s  approach r e q u i r e s  a 

Kee and Nage lberg(12)  have taken  
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t h i s  coa l  was reac ted  w i t h  20 pe rcen t  excess oxygen a t  a p ressure  o f  one 
atmosphere over a temperature range o f  1000 t o  2000 K .  
cons idered i n  the  c a l c u l a t i o n  a re  g i ven  i n  Table 11. Thermochemicdl da ta  
f o r  these species were taken from JANAF(15). The sod ium-conta in ing  
species p r e d i c t e d  t o  f o r m  i n  the  gas phase d u r i n g  combust ion a re  shown 
i n  F i g u r e  1. The major species were NaC1, NaOH, and Na, w i t h  NaOH 
dominat ing  a t  h i g h  temperatures.  
l e s s e r  concen t ra t i ons  w i t h  a maximum peak a t  1400 K .  The condensed 
phases p r e d i c t e d  t o  be p resen t  a re  shown i n  F i g u r e  2. 
condensed-phase species formed was S i02  a t  a l l  temperatures.  Below 
1400 K ,  2 mole Percent  Na2SO was observed as the  o n l y  o t h e r  
phase. 
(Na2Si205). 

The purpose o f  t h e  c a l c u l a t i o n s  desc r ibed  above i s  n o t  t o  i d e n t i f y  ash 
fo rma t ion  and depos i t  f o rma t ion  mechanisms; r a t h e r ,  we w i l l  use t h e  
r e s u l t s  i n  F igu res  1 and 2 as a b a s e l i n e  f rom which we w i l l  i l l u s t r a t e  
t h e  e f f e c t s  o f  e r r o r s  i n  the  data,  t h e  number o f  species cons idered i n  
t h e  c a l c u l a t i o n ,  and s o l u t i o n  e f f e c t s .  

The spec ies  

Na2s04 i s  p r e d i c t e d  t o  form i n  

The p r i n c i p l e  

Above 1400 K ,  t h e  s u l f a t e  was rep laced  by sodium s i l i c a t e  

EFFECTS OF V A R I O U S  CALCULATIONAL FACTORS 

E r r o r s  i n  =Thermochemical Data 

The q u a l i t y  o f  the  thermochemical da ta  used i n  c a l c u l a t i o n s  a r e  o f t e n  
n o t  eva lua ted  when computat ional  codes a re  used. Our ie ,  M i lne ,  and 
S m i t h ( l 6 )  i n  t h e i r  study o f  s a l t  d e p o s i t i o n  f rom hydrocarbon flames, 
showed a change o f  o n l y  a few kca l /mo l  i n  t h e  f r e e  energy o f  f o rma t ion  
o f  a species r e s u l t e d  i n  a s i g n i f i c a n t  rearrangement i n  t h e  r e l a t i v e  
p r o p o r t i o n s  o f  depos i ted  phases. However, one cannot  g e n e r a l i z e  D u r i e ' s  
observa t ions  because the  e f f e c t  o f  a change i n  t h e  f r e e  energy w i l l  va ry  
f rom s i t u a t i o n  t o  s i t u a t i o n ,  depending upon the  number o f  chemical  
c o n s t i t u e n t s ,  t h e i r  thermodynamic s t a b i l i t i e s ,  and t h e i r  r e l a t i v e  
concen t ra t i ons .  

To i l l u s t r a t e  the  e f f e c t  of e r r o r s  i n  t h e  data on coa l  combust ion 
c a l c u l a t i o n s ,  l e t  us examine the  s e n s i t i v i t y  o f  t h e  r e s u l t s  t o  the  f r e e  
energy of Na2S04. F i g u r e  3 shows t h e  p r e d i c t e d  d i s t r i b u t i o n  o f  
t he  sodium c o n t a i n i n g  spec ies  i n  t h e  gas phase i f  the  f r e e  energy o f  
Na2s04 i s  reduced by 1 pe rcen t  ( i . 2  k c a l  ). 
curves e x h i b i t  t he  same q u a l i t a t i v e  behav io r  as those on F i g u r e  1. 
f a c t ,  except  f o r  t he  Na2s04 curve, a l l  s e c i e s  were v i r t u a l l y  
una f fec ted  by the  f r e e  energy change. Tge abso lu te  amount o f  
Na2s04 i s ,  o f  course, reduced. 

The magnitude o f  t he  change i s  b e t t e r  i l l u s t r a t e d  i n  F i g u r e  4, where the  
e f f e c t  o f  v a r y i n g  t h e  f r e e  energy by 1 and 5 pe rcen t  i s  shown. I n  t h i s  
i l l u s t r a t i o n  the  s i t u a t i o n  appears t o  be bu f fe red ,  and a d r a s t i c  
rearrangement of  t h e  r e l a t i v e  p r o p o r t i o n s  o f  a l l  spec ies  does no t  r e s u l t  
if t h e  s t a b i l i t y  o f  j u s t  one species i s  mod i f ied .  However, i f  one i s  

It i s  seen t h a t  a1 1 
I n  
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( 1 5 ) .  Data f o r  t he  r e s t  o f  the  m ine ra l s  were taken froin the  
work o f  Robie, Hemingway, Schafer,  and H a a s ( l 7 ) .  The c a l c u l a t e d  gas 
phase compos i t i on  i s  g i ven  i n  F i g u r e  5, t o  be compared w i t h  t h a t  shown 
i n  F i g u r e  1. 
and as a whole, t h e  spec ies  concen t ra t i ons  were a l l  reduced by one t o  
two o rde rs  o f  magnitude. 
phases, as seen i n  F i g u r e  6. 
condensed phase, Na SO 
between 1000 and 12$0 2, t h e  sfab?e-condensed phases were Si02, 
p y r o p h y l l  i t e ,  and a1 b i  t e .  A t  temperatures g r e a t e r  than 1220 K, t h e  
stable-condensed phases were s i l i c a ,  a l b i t e ,  and m u l l i t e .  Thus, t h e  r e s u l t s  o f  
complex e q u i l i b r i u m  c a l c u l a t i o n s  can be s i g n i f i c a n t l y  a l t e r e d  by t h e  choice o f  
species.  Cau t ion  must be used when making t h e  s e l e c t i o n ,  and k i n e t i c  f a c t o r s  
and exe r imen ta l  i n f o r m a t i o n  shou ld  be c a r e f u l l y  eva lua ted .  

It i s  seen t h a t  t h e r e  i s  a ma jor  rearrangement o f  species,  

Ma jor  changes a l s o  occured w i t h  t h e  condensed 

A t  temperatures 
Whi le  S i02  remained as t h e  p r imary  

and Na S i  05 were n o t  s t a b l e .  

1 Condensed Phase S o l u t i o n s  

Prev ious  c a l c u l a t i o n s  p e r t a i n i n g  t o  coa l  combust ion have n o t  a l l owed  f o r  
t he  f o r m a t i o n  o f  condensed phase s o l u t i o n s .  S o l u t i o n s  w i l l  obv ious l y  
form when l i q u i d  s i l i c a ,  a l k a l i  s i l i c a t e s ,  and s u l f d t e s  a re  present .  I 

1 

I 
s o l u t i o n  w i l l  r e s u l t ( l 8 ) .  L e t  us now ex tend t h e  b a s e l i n e  c a l c u l a t i o n s  
on F igu res  1 and 2 t o  i n c l u d e  s o l u t i o n  fo rma t ion .  Fo r  l a c k  o f  b e t t e r  
i n fo rma t ion ,  we w i l l  assume i d e a l  s o l u t i o n  behav io r .  The 
sod ium-conta in ing  gas spec ies  formed i n  t h i s  case a re  shown i n  F i g u r e  7. 
I t  i s  seen t h a t  t h e  NaCl c o n c e n t r a t i o n  i s  n o t  a f f e c t e d ,  b u t  n o t i c e a b l e  
changes i n  t h e  behav io r  of  NaOH, Na, and Na2SO4 i s  seen. 
t h e i r  c o n c e n t r a t i o n s  m a i n t a i n  t h e  same q u a l i t a t i v e  behav io r ,  they  a l l  
fo rm i n  l e s s e r  amounts. 
s o l u t i o n  f o r m a t i o n  i s  seen in F i g u r e  8, where t h e  r a t i o  o f  
c o n c e n t r a t i o n  w i t h o u t  s o l u t i o n  fo rma t ion  t o  t h a t  where no s o l u t i o n  i s  
formed i s  shown. 

The r e s u l t s  on F i g u r e  2 show t h a t  s i l i c a  and sodium d i s i l i c a t e  form, and 
the  phase diagrdm i n f o r m a t i o n  i n  t h e  l i t e r a t u r e  c l e a r l y  suggest a 

Whi le  

Another way o f  r e p r e s e n t i n g  the  e f f e c t s  o f  

I 

SUMMARY 

Complex e q u i l i b r i u m  c a l c u l a t i o n s  may be  a very  u s e f u l  t o o l  i n  t h e  s tudy  
o f  m ine ra l  m a t t e r  e v o l u t i o n  i n  a coa l  combustor. K i n e t i c  c o n s t r a i n t s  
must be a p p l i e d  b u t  may be done w i t h i n  t h e  c o n t e x t  o f  e q u i l i b r i u m  
ca lcu la tons ;  k i n e t i c  c o n s i d e r a t i o n s  may be used t o  d e f i n e  a more 
r e a l i s t i c  chemis t r y  f o r  t h e  system. 
an approximate r e p r e s e n t a t i o n  o f  t h e  r e a l  s i t u a t i o n  s ince  n o t  a l l  
p o s s i b l e  chemical  spec ies  can be cons idered i n  a c a l c u l a t i o n  and the  
thermodynamic da ta  f o r  many spec ies  a r e  u n c e r t a i n .  I n  o rde r  t o  u t i l i z e  
t h e  r e s u l t s  o f  complex c a l c u l a t i o n s ,  one must unders tand t h e  caveats and 
u n c e r t a i n t i e s  c r e a t e d  by these problems. 

I t  has been shown t h a t  t h e  q u a l i t a t i v e  behav io r  o f  chemical  spec ies  i s  
f a i r l y  i n s e n s i t i v e  t o  e r r o r s  i n  t h e  thermochemical data.  
concen t ra t i ons  o f  t he  spec ies  can change by o rde rs  o f  magnitude i f  the  f r e e  

E q u i l i b r i u m  c a l c u l a t i o n s  a r e  o n l y  

, 

However, t h e  absolute 



concerned w i t h  abso lu te  concen t ra t i ons ,  g r e a t  care  must be taken t o  use 
accura te  thermochemical data. A r e l a t i v e l y  smal l  e r r o r  o f  1 k c a l  w i l l  

magnitude i s  r e a l i z e d  i f  a 5 kca l  e r r o r  i n  assumed. I f  t h e  i n t e r e s t  i s  
i n  observ ing  changes t h a t  occur as parameters a r e  v a r i e d  (i .e., t h e  
movement of  phase boundar ies) ,  t h e r e  i s  a smal l  e r  s e n s i t i v i t y  t o  
e r r o r s  i n  the  data.  

E r r o r s  i n  data can a l s o  r e s u l t  f rom t h e  m i s r e p r e s e n t a t i o n  o f  t he  data i n  
t h e  computer programs. Codes are  g e n e r a l l y  c o n s t r u c t e d  t o  be of  gener ic  
use, and thus, a genera l i zed  approach t o  r e p r e s e n t i n g  t h e  da ta  i s  used. 
Fo r  example, t he  NASA CEC code(4)  and the  Sandia c o d e ( l 2 )  use 
mu1 t i p l e - o r d e r  po lynomia l  f i t s  over  two-temperature ranges t o  rep resen t  
t h e  data. When d e a l i n g  w i t h  complex condensed-phase m ix tu res ,  t h e  f r e e  
energ ies  must be equal a t  t r a n s i t i o n  temperatures.  F a i l u r e  t o  cons ide r  
t h i s  c o n s t r a i n t  w i l l  r e s u l t  i n  an obvious e r r o r ,  such as a phase 
p r e d i c t e d  t o  be p resen t  under c o n d i t i o n s  c l e a r l y  o u t  o f  i t s  s t a b i l i t y  
range (e.g., a s o l i d  phase p r e d i c t e d  a t  temperatures above the  m e l t i n g  
p o i n t ) .  

1 change t h e  concen t ra t i on  by a f a c t o r  o f  two, and il change o f  two o rde rs  o f  

Species Conside.red i n  t h e  C a l c u l a t i o n  

Complex e q u i l i b r i u m  c a l c u l a t i o n s  a re  u s u a l l y  conducted w i t h  o n l y  a f e w  
spec ies  f o r  severa l  reasons. F i r s t  and foremost,  t h e r e  a r e  n o t  many 
accura te  s e l f - c o n s i s t e n t  data.  Also,  c a l c u l a t i o n s  can become very  t ime  
consuming, and t h e  p o s s i b i l i t y  o f  poor convergence behav io r  inc reases  

minor amounts( l4) .  

When a p p l y i n g  e q u i l i b r i u m  c a l c u l a t i o n s  t o  t h e  study o f  m ine ra l  ma t te r  
behav io r ,  one s e l e c t s  o n l y  a few spec ies  t o  cons ide r  by making 

, .  assumptions concern ing  t h e  r e a c t i v e  chemis t r y  o f  t h e  system. Fo r  
example, aluminum i s  o f t e n  found i n  coa l  b u t  i s  u s u a l l y  n o t  cons idered 
i n  t h e  c a l c u l a t i o n s  because i t  i s  assumed t o  be p resen t  i n  k i n e t i c a l l y  
and thermodynamical ly i n e r t  forms, such as a l u m i n o - s i l i c a t e s .  I f ,  
however, A1 i s  cons idered i n  the  c a l c u l a t i o n ,  a s i g n i f i c a n t  change i n  
t h e  c a l c u l a t e d  r e s u l t s  c o u l d  occur.  

To i l l u s t r a t e  the  p o i n t ,  l e t  us repea t  t h e  e q u i l i b r i u m  c a l c u l a t i o n s  o f  
F igu res  1 and 2, t h i s  t ime  a l l o w i n g  t h e  f o l l o w i n g  aluminum-containing 
spec ies  t o  form: 

gas phase: 

s o l i d  phase: Al203, A1 S i 2 0 3 ( m u l l i t e ) ,  

1, w i t h  the  number o f  species,  e s p e c i a l l y  i f  many spec ies  a r e  p resen t  i n  

I 

A I ,  A10, A120, A l O H ,  A12C16 

A12Si29HqPkao l in i te ) ,  NaAlSi206 NaA1 j a e d i t e ) ,  . 
A1 Si ,+012H2(pyrophyl l  i t e ) ,  A12Si05( kyan i  t e ) ,  

\ N a i l  S130g(al b i  t e )  

Fo r  o u r  c a l c u l a t i o n s ,  t h e  thermochemical da ta  f o r  A l ,  A10, A120, 
A l O H ,  A12Cl6, Al203, m u l l i t e ,  and NaA102 were taken f rom JANAF 



energy o f  f o rma t ion  i s  v a r i e d  by J u s t  a few pe rcen t .  
t h e  fo rma t ion  o f  condensed phase s o l u t i o n s  w i l l  a l s o  change the  abso lu te  
concen t ra t i ons  s u b s t a n t i a l l y ;  however, t h e  q u a l i t a t i v e  behav io r  i s  riot 
a f f e c t e d  as much. 
o f  p roduc t  spec ies  can be s t r o n g l y  i n f l u e n c e d  by t h e  s e l e c t i o n  o f  species 
t o  be cons idered i n  t h e  c a l c u l a t i o n .  

F a i l u r e  t o  account fo r  

The q u a l i t a t i v e  and q u a n t i t a t i v e  behav io r  
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1 TABLE I 
Chemical a n a l y s i s  o f  Pennsy lvan ia  #2 seam semian th rac i te  coa l  
(PSOC #627, p rov ided  by Pennsy lvan ia  S t a t e  coa l  da ta  base) 

Elemental  Anal s i s  (dry) 
77.08% %on 

2.61 hydrogen 

.52 o rgan ic  s u l f u r  

.39 oxygen 

.01 c h l o r i n e  
18.67 m ine ra l  m a t t e r  

I 1  .73 n i t r o g e n  

I 

\ 

- A n a l y s i s  o f  HTA d ry  coa l  
68. 5O%-siO2 
22.80 A1 03 

2.93 T i 6 2  
2.55 Fe 03 

.31 Mg6 

.33 CaO 

.16 Na20 

.06 P 05 
1.66 K20 

.25 d3 

TABLE I 1  
Chemical Species Considered i n  Complex E q u i l i b r i u m  C a l c u l a t i o n s  

Gaseous CO C02 C1 C1 C10 H H20 HC1 H2S 
Species Na Fla2 NaCl 6azC12 NaH H$aOH NazS04 

0 02 OH S S2 SO SO2 SO3 S i 0  Si02 S i S  1 

Condensed C NaCl NaOH Na20 Na2S 
Species Na2S04 Na2Si03 Na2Si205 S i02  S i c  S i  
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COMPARISON OF INORGANICS I N  THREE LOW-RANK COALS 

S .  A .  Benson 

Grand Forks  Energy Technology Center  
U.S. Department of Energy 

Grand Forks ,  N . D .  58202 

P. L .  Holm 

U n i v e r s i t y  of  Minnesota 
Crookston, MN 56716 

INTRODUCTION 

I n  t h e  use  of  low-rank c o a l s  it has been found t h a t  i n o r g a n i c  m a t e r i a l s  present  
i n  these  c o a l s  can have adverse  e f f e c t s  on process  performance. During combustion 
processes  some i n o r g a n i c s  a r e  l i b e r a t e d  and r e a c t  w i t h  o t h e r  i n o r g a n i c s  caus ing  com- 
bus tor  f o u l i n g  problems (1). The unique c h a r a c t e r i s t i c s  of t h e  f l y a s h  produced upon 
combustion, f r e q u e n t l y ,  i f  c o n c e n t r a t i o n s  of sodium and s u l f u r  a r e  low, produces a 
h igh  r e s i s i t i v i t y  a s h  making it d i f f i c u l t  t o  c o l l e c t  i n  an  e l e c t r o s t a t i c  p r e c i p i t a -  
t o r  ( 2 ) .  I n  f l u i d i z e d  bed combustion, t h e  i n o r g a n i c s  of some low-rank coa ls  can be 
used f o r  s u l f u r  r e t e n t i o h  (3) b u t  bed agglomerat ion i s  a problem w i t h  h igh  concen- 
t r a t i o n s  of  sodium (4) .  I n  c o a l  conversion p r o c e s s e s  t h e  i n o r g a n i c  m a t e r i a l  can 
s e r v e  e i t h e r  a s  c a t a l y s t s  o r  c a t a l y s t  po isons .  

The occurrence  of i n o r g a n i c  m a t e r i a l s  i n  low-rank c o a l s  i s  very  complex. They 
a r e  p r e s e n t  a s  d i s c r e t e  m i n e r a l  p h a s e s ,  a s  i o n s  he ld  by i o n  p a i r  bonding w i t h  car-  
boxyl groups o r  c l a y s ,  and a s  coord ina ted  meta l  i o n s .  Knowledge of the  d i s t r i b u t i o n  
of inorganics  w i t h i n  t h e  c o a l  could  be used t o  p r e d i c t  e f f e c t s  i n  a g iven  process .  

We have chosen t o  compare t h e  way i n  which i n o r g a n i c  m a t e r i a l  i s  found i n  t h r e e  
c o a l s .  These c o a l s  a r e  two l i g n i t e s  from t h e  Beulah mine, North Dakota, and the  
Bryan Mine, Texas and one subbi tuminous c o a l  from t h e  Rosebud mine, Montana. 

1 

EXPERIMENTAL 

The c o a l s  were t r e a t e d  u s i n g  a method modif ied from t h e  procedure repor ted  by 
Miller and Given ( 5 ) .  F i g u r e  1 shows a f low s h e e t  of  t h e  procedure used t o  examine 
t h e  var ious  c o a l s .  Each c o a l  was ground t o  approximately 400 mesh i n  an alumina 
g r i n d i n g  a p p a r a t u s .  The ground c o a l  was d r i e d  us ing  a f r e e z e  d r i e r .  Analys is  of 
t h e  d r i e d  c o a l  was performed u s i n g  x-ray f luorescence  (XRF) and neut ron  a c t i v a t i o n  
a n a l y s i s  (NAA). Dupl ica te  samples were run by p l a c i n g  15-20 g of coa l  i n  a p l a s t i c  
beaker  with 100 m l  of 1M ammonium a c e t a t e .  This  was hea ted  t o  about  7OoC and st irr-  
ed f o r  20 hours .  The sample was f i l t e r e d ,  t h e  r e s i d u e  washed and d r i e d .  The solu-  
t i o n  was t r a n s f e r r e d  t o  a 500 m l  vo lumetr ic  f l a s k  and made up t o  volume. 

The s o l u t i o n  was analyzed by i n d u c t i v e l y  coupled argon plasma spectroscopy 
(ICAP). 
ed a second t ime w i t h  ammonium a c e t a t e  fol lowed by two 1M hydrochlor ic  a c i d  ex t rac-  
t i o n s  using t h e  same procedure  a s  ammonium a c e t a t e  e x t r a c t i o n .  

Samples of t h e  r e s i d u e  were analyzed by XRF and NAA. The res idue  was t r e a t -  
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XlZF analyses were performed using the energy-dispersive Kevex* 0700 subsystem. 
ICAP analysis were obtained using a Jarrell-Ash Mark I Model 975;': multi-element an- 
alyzer. Analysis is controlled by a computer using a program for  22 elements. 
Neutron activation analysis used in this study was performed at North Carolina State 
University. The system and procedures have been described elsewhere ( 6 ) .  

RESULTS: 

The table following shows the initial analysis of the three coals under consid- 
eration. 

TABLE I 

INITIAL ANALYSIS OF COALS, PARTS PER MILLION 
- . .  

Rosebud 
Beulah Bryan Montana 

Analysis N.D. Lignite Texas Lignite Sub-bituminous 

A1 
Ba 
Ca 
Cr 
cu 
Fe 
K 
Mg 
Mn 
Na 
Ni 
Sr 
Ti 

3940 
630 

12800 
3 

22 
5000 

930 
2490 

5 8  
4340 

22 
485 
185 

12360 
190 

7130 
21  
24 

20950 
1970 
2000 

300 
310 

40 
80 

1410 

3370 
190 

3520 
4 

30 
8450 

120 
920 

35 
81 
52 
90 

280 

Ash 9.5% 24.5% 4.9% 

These are followed by the anaylses obtained after the samples had been extrac- 
ted twice with ammonium acetate. Table I1 shows the amount extracted from the orig- 
inal coal and the percent of the original. 

Table I11 contains the results of the samples which have been extracted twice 
The amount extracted and the percent of the original coal are by hydrochloric acid. 

given. 

DISCUSSION 

Examination of the initial analysis reveals the dramatic differences in the 
amounts of inorganic material between the three coals. Aluminum, iron, potassium, 
and titanium are very high in the Bryan coal compared to the values for the Beulah 
and Rosebud coals. In general, the Bryan has a much high inorganic content which 

"Reference to specific brand names does not imply endorsement by the U.S. Department 
of Energy. 
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TABLE I1 

ANALYSIS OF COALS AFTER EXTRACTION WITH AMMONIUM ACETATE 

Beulah Bryan Rosebud 
PPM % PPM % PPM % 

Analysis  E x t r a c t e d  E x t r a c t e d  Ext rac ted  E x t r a c t e d  Ext rac ted  Extracted 

A 1  
Ba 
Ca 
Cr 
cu  
Fe 
K 

Mn 
Na 
N i  

Mg 

Sr 
T i  

Ash remaining 

239 38 
9728 76 

186 20 
2241 90 

17 30 
3645 84 

422 87 

4.9 

53 
442 

3 

177 
1880 

129 
232 

65 

28 57 
62 2003 
14 

9 2 
9 4  598 
43 7 
75 70 

8 1  22 

23.8 

( 1  
30 
56 

( 1  
2 

65 
20 
8 1  

90 

3.8 

TABLE I11 

ANALYSIS OF COALS AFTER EXTRACTION WITH HYDROCHLORIC A C I D  

Beulah Bryan Rosebud 
PPM % PPM x PPM x 

Analysis  Ext rac ted  E x t r a c t e d  Ext rac ted  E x t r a c t e d  Ext rac ted  Ext rac ted  

A 1  
Ba 
Ca 
C r  
cu 
Fe 
K 

Mn 
Na 
N i  
Sr 
T i  

Mg 

Ash remaining 

2750 70 
378 60 

2688 2 1  
1.5 5 1  

2 1  90 
1950 39 

100 4 
40 70 
43 1 

6 27 
63 13 
22 12 

1 .2  

2719 
104 

1283 
9 

10 
14246 

157 
120 
153 

9 
2 1  
15 

409 

22 
55 
18 
4 1  
76 
68 

8 
6 

5 1  
3 

52 
19 
29 

22.6 

1213 36 
116 6 1  

1408 40 
1.5 37 
5 18 

5154 6 1  
24 20 

257 28 
24 70 
10 12 

3 5 
56 6 3  

154 55 

2.8 
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can also be seen by referring to the ash content listed in Table I. Further note 
should be taken of the high sodium content for the Beulah coal and related combus- 
tion problems (1). 

The ammonium acetate extraction removes those inorganics associated as ions 
held by ion pair bonds to the carboxyl groups or to the clay minerals. The result 
of this extraction procedure is summarized in Table 2. For Beulah lignite most of 
the Ca, Na, Mg and Sr are bound to the carboxyl groups or possibly with the clays. 
The Bryan and Rosebud coals show similar trends for Ca, Na, and Sr. On the other 
hand, the Mg in Rosebud indicates a different association in the coal. 

The hydrochloric acid extractions remove those species present in the coals as 
oxides, carbonate minerals, and coordinated metal ions. Larger discrepancies were 
noted between the coals extracted with HC1 than ammonium acetate extracted. The 
fact that 70% of the A1 is removed from Beulah is possibly explained by it being 
removed from the clay materials (7) but this is not well understood. Of particular 
interest is the removal of Ca, Mg and Sr in the Rosebud, which suggest that these 
elements were present as carbonate minerals. This relationship has also been sug- 
gested by Finkelman (8). The Fe is present in the coals as possibly a carbonate 
(siderite), oxide, and pyrite. 

The changes in percent ash determined in the coal, after the ammonium acetate 
and HC1 extractions reveal large changes in the amount of ash in Beulah and Rosebud. 
The total amount of inorganics removed by the ammonium acetate of the Beulah is 
approximately 48%. The percentage of ash removed for Rosebud was approximately 22% 
with ammonium acetate. The Bryan lignite has only 3% of its ash associated with the 
ion exchangeable fraction. The major inorganic constituents remaining in the coals 
after both extractions consist of quartz, clays and pyrite. 

CONCLUSIONS 

The alkaline and alkaline earth metals in all three coals are partially or 
The major differences between the totally removed with ammonium acetate extraction. 

coals are: 

1. 48% of the total inorganics of the Beulah are removed with ammonium ace- 
tate by far the highest of 3 coals. 

Bryan Texas lignite consists of mostly extraneous mineral matter including 
clays and quartz minerals (9) .  

2 .  

3 .  The Rosebud subbituminous has higher percentages of Mg, Ca, and Sr asso- 
ciated as carbonates, revealed in the HC1 extractions. 
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Thermodynamics of Coal Chars: Cor re l a t ion  of H e a t  
Capacity with Composition and Pyrolysis  Conditions 

Les l i e  L. Isaacs  
E l l i o t  F i she r  

Department of Chemical Enq i n e e r  ing 
The C i t y  College of CUNY 

140th S t r e e t  and Convent Avenue 
New York, NY 10031 

In t roduct ion  -_-_-_- 
Heat capac i ty  da t a  f o r  a char  can be used t o  z a l c u l a t e  t h e  

v a r i a t i o n  of the thermodynamic p rope r t i e s ,  H, S, G, e t c .  w i t h  
temperature. Fac tors  which a f f e c t  t h e  hea t  capac i ty  are:  

o the rank and inorganic  mat te r  conten t  of t h e  parent  coal ;  
o the gaseous atmosphere p re sen t  during pyrolysis ;  
o the  thermal h i s t o r y  o f  t h e  char.  

Thermal h i s t o r y  f o r  a char  is  determined by: 

o the  py ro lys i s  temperature;  
o the r a t e  a t  which the  c o a l  temperature i s  r a i sed  from 

o the  res idence  t i m e  of t h e  char  a t  t he  py ro lys i s  
t he  ambient t o  t h e  py ro lys i s  temperature; 

temperature. 

The thermodynamic l i t e r a t u r e  (1-5) f o r  chars  u sua l ly  covers 
only l imi t ed  temperature ranges and the thermal h i s t o r i e s  and 
cornpositions of the char  samples a r e  i l l -de f ined  o r  unavailable.  
m e  a d d i t i v i t y  approach (6 .7)  i s  usua l ly  employed t o  c o r r e l a t e  
t h e  h e a t  c a p a c i t i e s  i n  terms of cha r  cons t i t uen t s ;  organic mat ter ,  
ash and moisture. 

I 

I n  t he  t h e s i s  work of waag (8) the e f f e c t  and r e l a t i v e  impor- 
tance of t h e  f a c t o r s  l i s t e d  was assessed  using a se l ec t ed  s e t  of I 

chars.  Experimental da t a  w a s  co l l ec t ed  between 80°K and 303OK. 
I t  w3.s found t h a t  t he  3 e a t  c a p a c i t i e s  could be c o r r e l a t e d  with 
compositions and pyro lys i s  temperatures using a modified form of 
t h e  Debye mod21 f o r  h e a t  c a p a c i t i e s  ( 9 ) .  The c o r r e l a t i o n  i s  i n  
t h e  form of an express ion  f o r  a n  e f f e c t i v e  Debye temperature, €I (Tr) :  

I 
I 

B ( T r )  = e 0 ( T r )  e x p [ I ( T r ) / x ( l - x ) ]  1) I 

where T r  i s  a reduced temperature defined as:  
T r  = T ( K )  /Tpyro lys is  (K) 

1-x = t h e  atomic f r a c t i o n  of carbon i n  the  ash 
f r e e  dry char.  
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e 0 ( T r )  = a Dsbye temperature a t  T r  f o r  a hypo the t i ca l  cha r  

I ( T r )  = an i n t e r a c t i o n  parameter between t h e  carbon atoms 

containing carbon a t o m  only. 

and the "other"  a t o m  i n  the  char.  

0 and I were found by empir ical  f i t t i n g  of the da t a  f o r  each 
fzmily of chars .  
from the same coa l  with one hour res idence t i m e .  

A char  family c o n s i s t s  of a l l  t he  cha r s  prepared 

Our present  ob jec t ive  is  to: 

0 T e s t  the  l i m i t s  of a p p l i c a b i l i t y  of Equation 1 a s  an 
ex t r apo la t ing  funct ion t o  c a l c u l a t e  hea t  c a p a c i t i e s  
of chars:  

o To r e f i n e  the c o r r e l a t i o n  model: 
0 To f a c t o r  i n t o  the c o r r e l a t i n g  the  e f f e c t  of residence 

time a t  py ro lys i s  temperature. 

- ExIerimental Technique 

Tie s u i t e  of samples from Wang's work was used f o r  h e a t  capa- 
The da ta  w e r e  obtained c i t y  measurements between 3OO0K and 9OOoK. 

using the d i f f e r e n t i a l  scanning calor imetry (DSC) technique. 
Instrumentation consis ted of a Dupont model910 scanning ca lo r ime te r  
and a Dipont mods1 1090 thermal analyzer  system. Sanple h e a t  capa- 
c i t i es  w e r e  c a l cu la t ed  using t h e  measured hea t  capac i ty  of Sapphire 
a s  a standard f o r  coxparison. 

\ 

R e  su 1 t s -- 
Typical experimental  information obtained i s  i l l u s t r a t e d  i n  

t h e  following f igures .  

E f fec t  of  Pyrolysis  Temperature_ -_- 
I n  Figure 1 w e  show DSC scans f o r  two cha r s  prepared f r o s  

demineralized Virginia  Coal (PSOC-265). The r e s u l t s  show t h a t  t h e  
h e a t  capac i ty  of t he  chars  increase with temperature between 300K 
and 900K. 
capaci ty  a t  any given temperature (over the range) than the 700°C 
char.  For q u a n t i t a t i v e  comparison t h e  h e a t  c a p a c i t i e s  need t o  be 
normalized. The normalizing procedure is  a r b i t r a r y .  w e  have 
e l e c t e d  to normalize a l l  our d a t a  t o  the  number of  atorns i n  the  
ash f r e e  char.  

Also the char  prepared a t  llOO°C has a higher  h e a t  

E f f e c t  of Residence T i m e  -_--- ---- -- 
I n  Figure 2 w e  show DSC scans f o r  cha r s  prepared from 

demineralized Virginia  c o a l  a t  l l O O ° C  py ro lys i s  temperature. 
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The cha r s  d i f f e r  i n  t h e i r  thermal h i s t o r y  by the length of t h e i r  
res idence time a t  py ro lys i s  temperature. The normalized h e a t  
c a p a c i t i e s  a t  a given temperature vary i n  magnitude with the 
residence time. 

A minimum i n  h e a t  capac i ty  i s  seen t o  occur i f  the da t a  i s  
r ep lo t t ed  a s  h e a t  capac i ty  versus  residence t i m e .  Froin t h e  present 
data t h e  minimum i s  aroJnd two hours res idence t i m e .  O u r  i n t e r -  
p r e t a t i o n  of t h i s  phenomenon is  t h a t  two sepa ra t e  events  a re  being 
observed. One i s  the  e q u i l i b r a t i o n  of the  chemical composition a t  
l l O O ° C  Sy breakage of C-H bonds. 
bonds i n  t h e  char  t h e  s n a l l e r  i s  i ts  h e a t  capaci ty .  Tne second 
i s  t h e  approach of  the cha r  t o  s t r u c t u r a l  equi l ibr ium by s o l i d  
s t a t e  d i f fus ion .  Tne c h a r  i s  g raph i t i z ing  with an apparent 
increase i n  hea t  capac i ty .  

The smaller  t h e  number of sach 

Ef fec t  of Retained Inorganic Matter 

I n  Figure 3 t h e  DSC scans of  chars  prepared a t  7OO0C with 
one hour res idence t i m e  are compared. Both of t hese  cha r s  were 
prepared from Vi rg in i a  coa l .  However, i n  one case the  c o a l  was 
demineralized using the a c i d  wash procedure p r i o r  t o  pyrolysis .  
On a p e r  gram sample b a s i s  the h e a t  capac i ty  of t h e  mineral  
mat ter  c sn ta in ing  c h a r  i s  about 40 t o  80% higher  than the  demin- 
e r a l i z e d  char.  The inorganic  mat ter  h e a t  capac i ty  i s  add i t ive  t o  
the  organic mat ter  h e a t  capaci ty .  

Conclusions -- 
A t  t h e  t i m e  of p repa ra t ion  of t h i s  prel iminary paper 

(December 1982) the c a l c u l a t i o n  f o r  t e s t i n g  and r e f i n i n g  t h e  
c o r r e l a t i o n  model have not been conpleted.  W e  expect t o  be ab le  
t o  present  them a t  t h e  meeting. 
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GAS CRACKING CHARACTERISTICS I N  THE COMMERCIAL RANGE OF OPERATIONS. R .  Orris, 
G. 6. Nowowiejski  and A. P. Moore. 
Houston, Texas 77046. 

The c rack ing  o f  gases f o r  e thy lene  p roduc t i on  has undergone a resurgence i n  r e c e n t  
t imes i n  t h e  U.S.A. P r i c e s  f o r  ethane have t r u l y  made i t  t h e  feeds tock  of o p p o r t u n i t y .  
Ethane cont inues  t o  be o f  o r e a t  i n t e r e s t  as a feeds tock  i n  areas wh ich  have l a r g e  gas 
reserves ,  among these be ing  Canada, Indones ia ,  N i g e r i a ,  e t c .  C rack ing  c o n d i t i o n s  f o r  
ethane and propane r e q u i r e  some i n t e r e s t i n g  eva lua t i ons  e v o l v i n g  f rom the  un ique s i t u a -  
% ion  w i t h  r;ases whereby unconver ted  feeds tock  i s  recovered as a pu re  p roduc t  and can be 
recyc led .  The r e c y c l i n g  o f  unconverted feed  impacts the  recove ry  s e c t i o n  c a p a c i t y  and 
the  u l t i m a t e  y i e l d  o f  p roduc ts  ob ta ined.  
s e v e r i t y  i s  i n f l u e n c e d  by  t h e  va lues  p laced on feed, c a p i t a l  and by-produc ts ,  f o r  pure 
feeds and m ix tu res  o f  ethane and propane. 
a l s o  cons ider  the  e f f e c t s  o f  c o n t a c t  t ime  and p a r t i a l  p ressure .  
l ook  a t  t h e  bas i c  v a r i a t i o n s  which a f f e c t  c a p a c i t y  and u l t i m a t e  y i e l d s  as p a r t i a l  p res-  
sure  and con tac t  t ime  a r e  v a r i e d  ove r  the  p r a c t i c a l  ranges ach ievab le  i n  commercial 
opera t i  ons. 

The M.W. Ke l logg  Company, 3 Greenway P laza  East, 

T h i s  paper w i l l  show how t h e  s e l e c t i o n  o f  

I n  des ign ing  new p l a n t s ,  t h e  des igne r  must 
T h i s  paper w i l l  a l s o  

IMPLICATIONS OF FEEDSTOCK FLEXIBILITY I N  THE DESIGN OF OLEFINS PLANTS. 
DeHaan. C-E Lummus, Combustion Engineering, I n c . ,  1515 Broad Stree t ,  Bloomfield, 

Stephen 

New Jersey 07003. 

Currently operational  o l e f i n s  plants  crack feeds ranging from ethane t o  vacuum gas 
oil. Unt i l  recent ly ,  most individual  plants  were designed t o  u t i l i z e  a s i n g l e  feed.  
Even plants with some feedstock f l e x i b i l i t y  were usual ly  based on e i t h e r  natural gas de-  
r ived feedstocks or crude o i l  based feedstocks.  Current and predicted future market 
forces  d i c t a t e  that  new plants  have considerably more f l e x i b i l i t y .  To asses s  the  impact 
of feedstock f l e x i b i l i t y  on overa l l  plant energy consumption and c a p i t a l  c o s t s ,  a s e l e c -  
t i o n  of case s tud ies  are  analyzed. 

OPTIMAL CONTROL OF AN OLEFINS PLANT. M.  D .  Weiss, B e c h t e l  
Petroleum, I n c . ,  Houston, Texas 77001-2166 

Within t h e  p a s t  f i v e  y e a r s  improvement i n  m i c r o p r o c e s s o r  computer 
c o n t r o l  of  O l e f i n s  P l a n t s  have enab led  r e a l i z a t i o n  o f  numerous 
b e n e f i t s  i n  economy and ene rgy  s a v i n g s  i n  t h e s e  f a c i l i t i e s .  The 
u s e  of  advanced c o n t r o l  f a c i l i t a t e d  by mic roprocesso r  d i s t r i b u t e d  
c o n t r o l  made o p t i m i z a t i o n  and c o n t r o l  of p y r o l y s i s  f u r n a c e s ,  
d i s t i l l a t i o n  columns, d r y e r s ,  and o t h e r  u n i t  o p e r a t i o n  r e a d i l y  
a v a i l a b l e  t o  t h e  o r i d i n a r y  c o n t r o l  e n g i n e e r ,  u s i n g  env i ronmen ta l  
v a r i a b l e  c o n t r o l ,  material  b a l a n c e  c o n t r o l ,  h e a t  b a l a n c e  c o n t r o l ,  
energy min imiza t ion ,  and p o l l u t i o n  c o n t r o l .  D e t a i l s  w i l l  be  
s u p p l i e d  of control t e c h n i q u e s  used  i n  t h e  p y r o l y s i s  f u r n a c e ,  
deme than ize r  system, a c e t y l e n e  removal and me thy l  a c e t y l e n e /  
p ropad iene  removal reactors,  d e p r o p a n i z e r ,  v a r i o u s  d r i e r s  and 
d i s t i l l a t i o n  columns, r e s u l t i n g  i n  cos t  and ene rgy  s a v i n g s ,  and 
i n  b e t t e r  c o n t r o l  when t h c  p l a n t  is o p e r a t e d  a t  r educed  c a p a c i t y .  
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REACTOR SURFACE EFFECTS DURING STEAM PYROLYSIS OF A WHOLE CRUDE. C .  W. Chang and 
B .  L. Crynes.  School of Chemical Engineer ing,  Oklahoma S t a t e  Un ive r s i ty ,  423 

Engineering North,  S t i l l w a t e r ,  OK 74078. 

The thermal  decomposition o f  a n  Alaskan crude o i l  i n  t h e  presence of s team was 
s tud ied  i n  unpacked, downflow r e a c t o r s .  The experiments  were conducted a t  e s s e n t i a l l y  
atmospheric p r e s s u r e  over  a t empera tu re  range of 650-800 C w i th  a mass r a t i o  of oi l - to-  
s team of 2.5. Four d i f f e r e n t  r e a c t o r s ;  304 s s ,  a lon ized  304 s s ,  Vycor and Inconel  600, 
were chosen t o  s t u d y  w a l l  e f f e c t s .  
i n t o  th ree  d i s t i n c t  e n t i t i e s :  ( i )  a heavy l i q u i d  f r a c t i o n  b o i l i n g  i n  t h e  range of 210- 
550 C ,  ( i i )  a l i g h t  l i q u i d  f r a c t i o n  from C4 t o  b o i l i n g  p o i n t  of 210 C ,  and ( i i i )  gas 
p l u s  coke. 

' h e  products  from t h e  p y r o l y s i s  r e a c t i o n s  were lumped 

A model of r e v e r s i b l e  s e r i e s  r e a c t i o n s  was pos tu l a t ed  t o  f i t  t h e  experimental  da t a ,  
and success fu l ly  p red ic t ed  t h e  t r e n d s  of conversion and y i e l d s .  The d i f f e r ' en t  su r f aces  
showed varying e f f e c t s  on product  d i s t r i b u t i o n s  and coke formation.  

FIASH PYROLYSIS PROCESS FOR THE PRODUCTION OF CHEMICALS AND FLELS FROM BIOMASS. 
Kvthu S .  Sundaram, Meyer S t e i n b e r g ,  and P e t e r  Fa l lon ,  Process  Sciences Divis ion,  

Department o f  Energy and Environment,  Brookhaven Na t iona l  Laboratory,  Upton, NY 11973. 

The o b j e c t i v e  of t h e  work i s  t o  produce t r a n s p o r t a t i o n  f u e l s  and chemical feed- 
s t o c k s  from Biomass v i a  F la sh  P y r o l y s i s .  
saw-dust of Douglas F i r  wood i n  a downdraft ,  cont inuous flow, bench s c a l e  r e a c t o r .  The 
p y r o l y s i s - g a s i f i c a t i o n  o f  wood p a r t i c l e s  was done i n  one s t e p  with no use  of c a t a l y s t s .  
The in f luence  of v a r i o u s  gaseous environments - which inc lude  hydrogen, helium and 
methane - on t h e  r e a c t i v i t y  o f  wood was i n v e s t i g a t e d .  The combined e f f e c t s  of high hea t -  
up r a t e  (lo4 - lo5 OC/sec) of t h e  wood p a r t i c l e s  and s h o r t  r e s idence  t imes (0.5 - 4 s e c )  
of t h e  d e v o l a t i l i z a t i o n  products  r e s u l t e d  i n  an  almost  complete g a s i f i c a t i o n  of carbon 
'995 C )  i n  t h e  feed wood a t  85ooc and 50 p s i  hydrogen p res su re .  Py ro lys i s  i n  methane 
Gas cha rac t e r i zed  by h igh  y i e l d s  of e thy lene  (up t o  21% C )  and BTX (up t o  12% C ) .  The 
e f f e c t s  of various pyrolysis atmospheres and major process  v a r i a b l e s  on t h e . y i e l d  and 
d i s t r i b u t i o n  o f  products  were s t u d i e d  i n  d e t a i l .  The composition o f  py ro lys i s  t a r s  and 
b a s i c  k i n e t i c  d a t a  were a l s o  ob ta ined .  
o f  p ipe l ine  gas  and methanol and chemical f eeds tocks  have been made. 

Experiments were conducted wi th  oven-dried,  

P re l imina ry  economic ana lyses  f o r  t he  production 

GAS EVOLUTION DURING PYROLYSIS OF CHATTANOOGA OIL SHALE R .  J. Feng and M. D. 
McKinley. Chemical and M e t a l l u r g i c a l  Engineer ing Department,  The Un ive r s i ty  of 

Alabama, P.  0. Box G ,  U n i v e r s i t y ,  Alabama:35486. 

A composite sample of Chattanooga o i l  s h a l e s  from s e v e r a l  c o u n t i e s  i n  t h e  s t a t e s  of 
Alabama and Tennessee w a s  pyrolyzed i n  a n i t rogen  atmosphere t o  99OoC a t  th ree  hea t ing  
r a t e s ;  2 ,  5, and lZ°C/min. 
w i thou t  temperature  soaking o r  wi th  10 hours  i so the rma l  soaking a t  23OoC. The o i l  sha l e  
p a r t i c l e  s i z e s  examined were -3+4 mesh and -8+16 mesh. A f i r s t  o rde r  k i n e t i c  r a t e  equa- 
t i o n  was used as t h e  nonisothermal  k i n e t i c  model i n  t h i s  s tudy.  Two k i n e t i c  parameters,  
frequency f a c t o r  and a c t i v a t i o n  energy,  were eva lua ted  by f i t t i n g  t h e  model k i n e t i c  equa- 
t i o n  t o  t h e  gas  e v o l u t i o n  d a t a  u s i n g  a non l inea r  l e a s t  squa res  program. The major gases 
i d e n t i f i e d  i n  t h e  p y r o l y s i s  gas  i n c l u d e  hydrogen, carbon monoxide, methane, carbon d i -  
ox ide ,  e thene,  e thane ,  and propane. The o i l  y i e l d  inc reased  from 31.88 % t o  54.79 % of 
t h e  modified F i sche r  Assay a s  t h e  h e a t i n g  r a t e  chan ed from 2 t o  12°C/stin. 

when the hea t ing  r a t e  i nc reased  from 2 t o  12%/min. 
tended to s h i f t  t h e  maximum g a s  e v o l u t i o n  r a t e  t o  lower temperatures .  
s h a l e  p a r t i c l e s  i so the rma l ly  a t  230% f o r  10 hour s  d i d  no t  improve t h e  o i l  y i e l d  i n  t h i s  
s tudy .  The nonisothermal  k i n e t i c  model used gave a good r e p r e s e n t a t i o n  of  t h e  thermovo- 
lume t r i c  experimental  d a t a  measured. 

The nonisothermal  p y r o l y s i s  p rocesses  were c a r r i e d  ou t  e i t h e r  

he t o t a l  
volumes of gaseous p roduc t s  d e c r e a s e s  from 85.68 cm 5 /g raw s h a l e  t o  36.23 cm 5 /g raw sha le  

General ly ,  lower hea t ing  r a t e s  
Soaking the  o i l  
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\ COAL ANALYSIS U S I N G  THERMOGUVIEIETRY. M. A. Se rage ld in  and Wei-Ping Pan. 

Thermogravimetric,  TG, a n a l y s i s  i s  i n c r e a s i n g l y  being used today t o  o b t a i n  k i n e t i c  
da t a  r e l a t e d  t o  c o a l  decomposition. 
b a s i s  t ha t  t h e  meaning of t h e  a c t i v a t i o n  energy of s o l i d  s ta te  r e a c t i o n s  obtained from 
TG experiments i s  n o t  c l e a r .  
a c t i v a t i o n  energy and en tha lpy  of r e a c t i o n  w a s  found. 
r e a c t i o n s  of atoms and sma l l  r a d i c a l s .  
decomposition o f  c o a l  under t h r e e  g a s  atmospheres (N2, CO 
Seve ra l  f e a t u r e s  were r epor t ed  such a s  t h e  e f f e c t  o f  t h e  z a t a l y s t s  on c o a l  conversion 
and CH4,  CO and Cog emission.  
energy. 

However, t h i s  method i s  open t o  c r i t i c i s m  on t h e  

In  t h i s  s tudy  a l i n e a r  r e l a t i o n s h i p  between p rocedura l  
This  i s  t y p i c a l  of e lementary 

The e f f e c t s  of a l k a l i  metal  s a l t s  on t h e  
and a i r )  were i n v e s t i g a t e d .  

These were r e l a t e d  t o  observed changes i n  a c t i v a t i o n  

KINETIC INVESTIGATION OF LIGNITE PYROLYSIS. Jefferson Jih and Uzi Mann, Department 
of Chemical Engineering, Texas Tech University, Lubbock, Texas 79409. 

In this paper we describe an experimental method for determining the individual 
kinetic parameters (frequency factors and activation energies) for the formation o f  gas- 
eous, liquid and solid products during lignite pyrolysis. The system constructed faci- 
litates the collection of the gas and tar formed and measurement of the solid weight 
loss  as a function of time. In addition, the technique facilitates monitoring the solid 
temperature with time. The latter enables one to account for the solid "heating-up" ef- 
fect in determining the kinetic parameters. 

The pyrolysis of San Miguel (Texas) lignite between 600 and 95OoC was investigated. 
It was found at these temperatures the sum of all lignite decomposition reactions is 
exothermic. This is probably due to partial simultaneous oxidation of the lignite with 
structure oxygen. An attempt is described for estimating the pyrolysis rates constant 
by substructing of the oxiginated gaseous carbon products from the total gas generated. 
Experimental kinetic data of Texas lignite are analyzed and the theoretical basis and 
computation procedures of estimating the kinetic parameters are discussed. 

, LIGNITE DEVOIATILIZATION I N  A FIXED BED REACTOR. A. J. Gokhale and R. Mahalincam. 
Department of Chemical Engineer ing,  Washington S t a t e  Un ive r s i ty ,  Pullman, WA 99164. 

D e v o l a t i l i z a t i o n  of l i g n i t e  c o a l  w i th  a steam/oxygen mixture  i n  a f ixed-bed,  
a tmospheric  p re s su re  r e a c t o r ,  i n  t h e  temperature  range 300 C t o  550 C ,  w i th  the  o b j e c t i v e  
of s tudy ing  the  tars.  The p a r t i c l e  s i z e s  were (-Bl), (-5+2) and (-4+3) mm. The t a r  
y i e l d  was observed t o  inc rease  and then dec rease  wi th  temperature ,  due t o  secondary 
cracking r eac t ions .  
increased wi th  inc rease  i n  d e v o l a t i l i z a t i o n  temperature .  
model, when f i t t e d  t o  t h e  experimental  d a t a ,  y i e lded  an  energy of a c t i v a t i o n  i n  t h e  
range 1 5  t o  18 kCal/mol, i r r e s p e c t i v e  of p a r t i c l e  s i z e .  A s e r i e s - p a r a l l e l  r e a c t i o n  
model i nd ica t ed  t h a t  t h e  c rack ing  of t a r  t o  cha r  k i n e t i c a l l y  r ep resen ted  t h e  most 

s, 

The melt ing po in t ,  v i s c o s i t y  and s p e c i f i c  g r a v i t y  of t h e  t a r  samples > A f i r s t  o r d e r  s i n g l e  r e a c t i o n  

I d i f f i c u l t  s t e p .  
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PYROLYSIS OF WESTERN CANADIAN COALS I N  A SPOUTED BED REACTOR. A .  J a r a l l a h  and A.  P. 
Watkinson. Department of Chemical Engineer ing,  The Unive r s i ty  o f  B r i t i s h  Columbia, 

Vancouver, B.C.  Canada V6T 1W5. 

Coal p y r o l y s i s  has  been s t u d i e d  in a 12 .8  c m  d i a .  cont inuous spouted bed r e a c t o r  with 
t h e  a i m  o f  determining c o n d i t i o n s  f o r  maximum l i q u i d  y i e l d s  from Western Canadian c o a l s .  
Nitrogen and n i t rogen /ca rbon  d iox ide  mixtures  and c o a l  o f  s i z e  - 3.36 + 1 . 1 2  mm a r e  f ed  
a t  atmospheric p re s su re  t o  an  e l e c t r i c a l l y  heated r e a c t o r  con ta in ing  sand .  The tar y i e l d  
is determined by sampling t h e  o u t l e t  gas through a series of cooled impingers .  The spout- 
ed bed py ro lyze r  behaves i n  a manner similar t o  a f l u i d i z e d  bed u n i t ,  and shows a maxirnum 
t a r  y i e l d  with temperature  a t  a f i x e d  f eed  rate. A t  a given py ro lyze r  temperature ,  t h e  
t a r  y i e ld  was i n v e r s e l y  p r o p o r t i o n a l  to t h e  c o a l  feed r a t e  ove r  t h e  r ange  0.4 t o  7.6 kg/h. 
Coal type s t r o n g l y  in f luenced  t h e  l i q u i d  y i e l d s  a s  expected.  A bituminous c o a l  (Sukunka) 
from t h e  Peace River c o a l  f i e l d  gave a maximum t a r  y i e l d  a t  6OO0C of 31% w t / w t  MAF c o a l  
a t  a feed r a t e  of 116 kg/hr-m2. The corresponding gas y i e l d  w a s  2.8%, and t h e  cha r  y i e l d  
(uncorrected)  w a s  64%. A t  abou t  t h e  same throughput ,  a maximum t a r  y i e l d  of 19.4% w t / w t  
MAF c o a l  a t  58OoC was found f o r  Balmer c o a l  - a bituminous c o a l  from t h e  Crowsnest coa l  
f i e l d .  A sub-bituminous c o a l ,  Fo res tbu rg ,  from t h e  Edmonton Formation produced s i g n i f i -  
c a n t l y  h ighe r  gas  y i e l d s  of 20% v e r s u s  6% f o r  t h e  bituminous c o a l s  due t o  h ighe r  C02 pro- 
duc t ion  and a tar  y i e l d  of 21% a t  53OOC. 
y i e l d  from 20.4 t o  22.4 t o  26.7% w t / w t  MAF c o a l  was found as t h e  average c o a l  p a r t i c l e  
s i z e  was reduced from 2.28 t o  0.95 mm to 0.65 mm. Nc significant e f f e c t s  on t a r  y i e l d  
were f o i d  fcr -;ar:aLions i n  bed dep th ,  or vapour r e s idence  time. 

With Sukunka c o a l ,  a s t eady  i n c r e a s e  i n  tar 
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FAST FLAMES AND DETONATIONS. John H.S. Lee. McGi l l  U n i v e r s i t y ,  817 Sherbrooke St.W. 
Montreal, Quebec H3A 2K6. 

Turbulence and a d i a b a t i c  heat ing by shock waves a re  two impor tan t  phys i ca l  mechanisms 

Ad iaba t i c  compression o f  t he  unburned m ix tu re  

whereby the  combustion r a t e  o f  a g iven f u e l - a i r  m ix tu re  can be increased d r a m a t i c a l l y .  
Apar t  from enhancing the  energy and mass t r a n s p o r t  ra tes ,  t u rbu lence  a l s o  increases the  
area of the  burn ing sur face s i 9 n i f i c a n t l y .  
by shock waves prov ides an e f f e c t i v e  mechanism due t o  the  s t rong  exponen t ia l  temperature 
of chemical r e a c t i o n  ra tes .  The present  paper describes some r e c e n t  i n v e s t i g a t i o n s  o f  
ve ry  f a s t  turbulence flames and detonat ions i n  homogeneous f u e l - a i r  mix tures.  U n l i k e  
most s tud ies  on turbulence flames where the  f lame i s  s t a b i l i z e d  i n  a steady t u r b u l e n t  
f low of unburned mixture,  t h e  present  s tudy deals w i t h  f r e e l y  propagat ing flames where 
turbulence i n  the unburned f l o w  ahead o f  t h e  f lame i s  induced by obs tac les .  Very f a s t  
flames can be generated i n  t h i s  manner and permi ts  a c l o s e r  l ook  a t  t he  t u r b u l e n t  quench- 
i n g  mechanism which even tua l l y  p laces t h e  upper bound on the  maximum t u r b u l e n t  bu rn ing  
r a t e  o f  a given system. 
mechanism t o  achieve the  requ i red  burn ing r a t e  associated w i t h  a supersonic  combustion 
wave. The s t r u c t u r e  o f  de tona t ion  waves i s  one c o n s i s t i n g  o f  m u l t i p l e  shock i n t e r s e c -  
t i o n s  g i v i n g  i t s  un i ve rsa l  c e l l u l a r  s t r u c t u r e .  S i g n i f i c a n t  advances have been made i n  
recen t  years i n  achiev ing a d i r e c t  l i nkage  between the  m ic roscop ic  c e l l u l a r  s t r u c t u r e  o f  
the detonat ion f r o n t  and t h e  va r ious  macroscopic dynamic de tona t ion  p r o p e r t i e s  o f  t h e  
m ix tu re  i t s e l f  (i.e., d e t o n a b i l i t y  l i m i t s ,  i n i t i a t i o n  energy, c h a r a c t e r i s t i c  chemical t imes 
c r i t i c a l  diameter, e t c . ) .  

I 

The detonat ion mode o f  combustion e x p l o i t s  t he  shock hea t ing  

1, 

CHEMICAL KINETIC - FLUII) D Y N A M I C  INTERACTIONS I N  DETONATIONS, E. S. Oran, 
Naval Research l abora to ry ,  Code 40110, Washington D. C . ,  20375. 1 

I n  t h i s  review we summarize t h e  work done &t t h e  Naval Research l abora to ry  aimed a t  
dec iphe r ing  some of t h e  important  b a s i c  i n t e r a c t i o n s  occur r ing  i n  de tona t ions  i n  gase- 
ous mixtures .  'Ihe t o o l s  f o r  t h e s e  s t u d i e s  have been one- and two-limensional numerical  
models which couple  a d e s c r i p t i o n  of t h e  f l u i d  dynamics t o  d e s c r i p t i o n s  o f  t h e  d e t a i l e d  
chemical k i n e t i c s  and p h y s i c a l  d i f f u s i o n  p rocesses .  
i )  t h e  s e n s i t i v i t y  of i g n i t i o n  t imes  t o  p e r t u r b a t i o n s  i n  p r e s s u r e  or  t empera tu re  111; 
i i)  t h e  s t r u c t u r e  of i g n i t i o n  behind shock waves and t h e  t r a n s i t i o n  t o  de tona t ion  121; 
i i i)  d e t a i l e d  s i m l a t i o n s  of t h e  propagat ion of de tona t ions  and t h e  s t r u c t u r e  of detona- 
t i o n  c e l l s  131; i v )  p a r e r e n e r g y  r e l a t i o n s  f o r  de tona t ion  i n i t i a t i o n  141. We w i l l  
emphasize t h e  common f a c t o r s  i n  t h e s e  t o p i c s ,  all of which invo lve  a c l o s e  coup l ing  
between f l u i d  dynamics and c h e d c a l  k i n e t i c s .  This coup l ing  i s  e s p e c i a l l y  appa ren t  
i n  ca ses  o f  weak i g n i t i o n  o r  marginal  de tona t ions .  

Four t o p i c s  will be d i s c u s s e d ;  

1- 

I 
(1) E.S. Oran and J.P. Roris Weak and S t rong  I g n i t i o n ,  11. i n  Combust. Flame, Nov., 

2 OR? A,"- 

( 2 )  K. G i l a s a n a t h  and E. Oran, t o  appea r  Combust. Sci. Tech., 1983. 
( 3 )  V.S. Oran, T. R .  Young, J.P. Ibr is ,  M.J. Picone, and D. H. Edwards, Proceedings of 

(4) K. Ka i l a sana th ,  i n  p repa ra t ion .  
t h e  13th Symposium on Combustion, t o  appea r  1983. 
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CHE3ICAL KINETIC FACTORS I N  GASEOUS DETONATIONS. C. K. Westbrook. Lawrence L i v e r -  
more Nat iona l  Laboratory,  P. 0. Box 808, Livermore, C a l i f o r n i a  94550. 

Computer model ing techniques have been app l ied  t o  s tudy  hydrogen and hydrocarbon 
o x i d a t i o n  i n  gaseous de tonat ion  waves. 
computed f o r  combust ib le gas m i x t u r e s  which have been compressed and heated by a shock 
wave t r a v e l i n g  a t  the Chapman-Jouguet de tonat ion  v e l o c i t y .  These c h a r a c t e r i s t i c  times 
and lengths c o r r e l a t e  w e l l  w i t h  observed de tonat ion  parameters, i n c l u d i n g  c r i t i c a l  tube 
diameters f o r  t r a n s i t i o n  t o  s p h e r i c a l  detonat ion,  de tonat ion  c e l l  s izes ,  c r i t i c a l  
i n i t i a t i o n  energies,  and lean and r i c h  l i m i t s  f o r  de tonat ion  i n  a l i n e a r  tube. Deta i led  
k i n e t i c  ana lys is  o f  the s t r u c t u r e  of  t h e  i n d u c t i o n  zone i n  these models has been c a r r i e d  
o u t  and provides a g rea t  deal o f  new i n s i g h t  and in fo rmat ion .  I n  p a r t i c u l a r ,  these 
r e s u l t s  show how k i n e t i c  m o d i f i c a t i o n  o f  de tonat ion  parameters can occur. I n h i b i t i o n  o r  
e x t i n c t i o n  o f  a de tonat ion  i s  shown t o  occur from increases i n  t h e  i g n i t i o n  delay time, 
and increased d e t o n a b i l i t y  o r  k i n e t i c  s e n s i t i z a t i o n  r e s u l t s  from decreased i g n i t i o n  
de lay  times. Both  processes are  exp la ined by t h e i r  i n f l u e n c e  on d e t a i l s  i n  the r e a c t i o n  
mechanisms used by the numerical  model. 

C h a r a c t e r i s t i c  r e a c t i o n  t imes and length: are 

PERTURBED OSCILLATORY REACTIONS AND EFFICIENCY OF ENGINES. John Ross S t a n f o r d  
U n i v e r s i t y ,  Department o f  Chemistry,  Stanford.  C a l i f o r n i a  9 m T '  

The combustion of c e r t a i n  r e a c t a n t s  (CH CHO. C H isobutane) r u n  i n  a w e l l  s t i r r e d  I 

cont inuous r e a c t o r  show a v a r i e t y  of  n o n l i a e a r  prap!%ties i n c l u d i n g  m u l t i p l e  s t a t i o n a r y  
s ta tes ,  and s imp le  and complex temporal  o s c i l l a t i o n s  o f  c o n c e n t r a t i o n s  of chemical  i n t e r -  
mediates. Ex terna l  p e r i o d i c  p e r t u r b a t i o n s  of o s c i l l a t o r y  r e a c t i o n s  l e a d  to e n t r a i n w n t ,  
quas i -per iod ic  v a r i a t i o n s ,  resonance responses i n  amplitudes, phase l o c k i n g ,  and the 
p o s s i b i l i t y  o f  a degree of c o n t r o l  of  d i s s i p a t i o n  and hence e f f i c i e n c y  o f  t h e  combustion 
process. 
ti on. 

, We conclude w i t h  a new example Of  an engine which uses AG, not AH, o f  a reac-  

A REVIEW OF PLASMA JET IGNITION. R. M. Clements, Department of Phys ics ,  
Univers i ty  of V i c t o r i a ,  V i c t o r i a ,  B r i t i s h  Columbia, Canada, V8W 2Y2. 

During t h e  l a s t  decade o r  so t h e r e  has  been c o n s i d e r a b l e  i n t e r e s t  i n  l e a n  burn .. 
i n t e r n a l  combustion engines.  The m o t i v a t i n g  reasons  f o r  t h i s  a r e  t h e  reduct ion  of 
p o l l u t a n t s  and i n c r e a s e d  f u e l  economy. However such mixtures  a r e  d i f f i c u l t  t o  i g n i t e  
and have longer  burn t imes by comparison t o  s t i o c h i o m e t r i c  mixtures.  One way of 
a l l e v i a t i n g  t h e s e  problems is wi th  plasma j e t  i g n i t i o n .  
t h e  i g n i t e r  a s  wel l  a s  t h e  a s s o c i a t e d  e l e c t r i c a l  c i r c u i t r y  r e q u i r e d  t o  power t h e  
i g n i t e r  w i l l  be discussed .  

t h e  absence of a combustable mixture .  This  w i l l  be done i n  t h e  l i g h t  of t h e  r e l a t i v e  
r o l e s  of f l u i d  mechanical t u r b u l a n c e  and chemical e f f e c t s .  F i n a l l y  t h e  p r a c t i c a l  
a s p e c t s  of u s i n g  t h e s e  i g n i t e r s  i n  i n t e r n a l  combustion engines  and t h e  a s s o c i a t e d  
problems w i l l  be reviewed. 

The mechanical c o n s t r u c t i o n  Of 

The i g n i t e r  produces a "puff" of gas which i s  t h e  i g n i t i o n  
k e r n e l .  How t h i s  "puff" behaves w i l l  be examined when it is e i t h e r  i n  the  presence  O r  J 
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EXPERIMENTAL AND COMPUTATIONAL STUDIES OF THE CHEMISTRY OF IGNITION PROCESSES. 
Thompson M .  Sloane and John W .  R a t c l i f f e ,  Physical Chemistry Department, General 
Motors Research Labora to r i e s ,  Warren, Michigan 48090 

In order  t o  explore  the  d e t a i l e d  chemistry of i g n i t i o n  by e l e c t r i c  spa rk ,  plasma 
j e t ,  and photochemical methods, a molecular beam mass spec t rometer  system f o r  making 
t ime-resolved measurements o f  t r a n s i e n t  combustion phenomena has been cons t ruc t ed .  
Radicals as  well as  s t a b l e  components o f  a propagating flame a n d  of  an i g n i t i o n  kernel 
have been de tec t ed .  
p rocesses  involved i n  t h e  i g n i t i o n  a s  well a s  t h e  n a t u r e  of t h e  i n t e r a c t i o n  of t he  flame 
with t h e  sampling cone. 
s t u d i e s  o f  i dea l i zed  i g n i t i o n  p rocesses .  Such computations,  which employ a one-dimen- 
s iona l  model t h a t  inc ludes  d e t a i l e d  chemical k i n e t i c s  and f l u i d  mechanics, are he lp fu l  
in understanding t h e  chemis t ry  o f  i g n i t i o n  processes .  
computational r e s u l t s  w i l l  be p re sen ted .  

Simultaneous s c h l i e r e n  photographs c h a r a c t e r i z e  the  physical 

These experimental  r e s u l t s  a r e  supplemented w i t h  computational 

Our most r ecen t  experimental  and 

NITROGEN CHEMISTRY I N  FLAMES: OBSERVATIONS AND DETAILED K I N E T I C  MODELING. e 
Dean, M .  S. Chou and D .  S t e r n .  Exxon Research and Engineer ing Company, Corpora te  

Research-Science L a b o r a t o r i e s ,  P.O. Box 4 5 ,  Linden, N e w  J e r s e y  07036. 

S p a t i a l l y  reso lved  concent ra t ion  p r o f i l e s  of NH3, NH , NH, NO, and OH have been meas- 
ured i n  r i c h  ( 8  = 1.28-1.81) a tmospheric  p r e s s u r e  NH3/O23N2 f lames.  A l l  s p e c i e s  o t h e r  
than  NO were obsfrved v i a  l a s e r  a b s o r p t i o n .  N O  d a t a  w e r e  ob ta ined  v i a  laser induced f l u -  
orescence and c a l i b r a t e d  by a b s o r p t i o n  measurements i n  l e a n  ammonia f lames .  These meas- 
urements formed t h e  b a s i s  f o r  an e x t e n s i v e  s e r i e s  of mechanis t ic  c a l c u l a t i o n s  t o  b e t t e r  
d e f i n e  the  h igh  tempera ture  k i n e t i c  behavior  i n  ammonia f lames .  The measured NO concen- 
t r a t i o n s  were an Order o f  magnitude lower a t  3-4 mm above t h e  burner  than one  would pre- 
d i c t  from a convent iona l  measurement of ammonia o x i d a t i o n .  
NH3 concent ra t ions  were much lower than  p r e d i c t e d .  
t h a t  "new" r e a c t i o n s  such as NH2 + NH2 t o  u l t i m a t e l y  y i e l d  N2 are important  i n  t h e s e  
f lames.  
v a t i o n s .  
CH4/02/air flames. 
so lved  formation of "prompt NO". 
t h e  flame f r o n t  i s  d iscussed  i n  terms of  an expanded prompt N O  mechanism. 
amples i l l u s t r a t e  t h e  weal th  of k i n e t i c  in format ion  t h a t  can  be obta ined  by coupl ing  l a s e r  
d i a g n o s t i c  techniques  t o  d e t a i l e d  k i n e t i c  c a l c u l a t i o n s  i n  f lames.  
computat ional  techniques  and t h e  a b i l i t y  t o  d i r e c t l y  moni tor  r e a c t i v e  i n t e r m e d i a t e s  have 
presented  k i n e t i c i s t s  w i t h  new o p p o r t u n i t i e s  t o  probe complex f lame systems.  

Furthermore,  t h e  N H ,  NH2, and 
These comparisons s t r o n g l y  scgges t  

I n c l u s i o n  of t h e s e  r e a c t i o n s  y ie lded  r e s u l t s  i n  good agreement w i t h  t h e  obser-  
NO p r o f i l e s  have a l s o  been measured i n  r i c h  (Q = 1.7-1.8) a tmospheric  p r e s s u r e  

These NO measurements are t h e  f i r s t  t o  d e l i n e a t e  t h e  s p a t i a l l y  re- 
The r ise  and subsequent  decay of t h e  NO s i g n a l  w i t h i n  

The above ex- 

The recent advances i n  
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THE FORMATION OF NO AND N2 FROM NH3 I N  FLAMES. 

Ammonia o x i d a t i o n  a t  h i g h  temperatures i s  an i n t e r e s t i n g  k i n e t i c  system o f  Sig- 
n i f i c a n t  techno log ica l  importance f o r  NO fo rmat ion  and d e s t r u c t i o n .  Recent work has 
l a r g e l y  been devoted t o  the  moderate temperature (1300 K )  reg ion  i n  which NH can 
q u a n t i t a t i v e l y  des t roy  NO. T h i s  paper w i l l  descr ibe  flame s tud ies  (1800- 2800 4) o f  
NH o x i d a t i o n  i n  which NH i s  a model compound f o r  the conversion o f  fuel-bound 
ni&ogen t o  NO and N2, A de?ai led (42 r e a c t i o n s )  r e a c t i o n  scheme has been cons t ruc ted  
from l i t e r a t u r e  r a t e  cons tan ts  which p r e d i c t s  o u r  measured f lame speeds, major specie 
p r o f i l e s ,  and NO l e v e l s  i n  ammonia-oxygen-dilutent f lames. These p r e d i c t i o n s  r e q u i r e  
t h a t  the r a d i c a l  pool  s i z e  and the  N /NO branching be c o r r e c t l y  descr ibed. This 
mechanism has been f u r t h e r  t e s t e d  agains? our  measurements o f  NO emissions from CH4-air 
f lames doped w i t h  NH Th is  Fenimore-type " load ing"  experiment i n d i c a t e s  t h a t  
NH i s  p i v o t a l ,  b u t  %hat many r e a c t i o n  p a r t n e r s  (OH, 0, 02, NH2, as w e l l  as F!O) are 
i m i o r t a n t  . 

R. J. B l i n t  and C. J. Dasch. 
Physics Department, General Motors Research Labora tor ies ,  Warren, Michigan 48090. 

and NO. 

CHEMICAL KINETIC EFFECTS IN SOOT FORMATION. I r v i n  Glassman, Kenneth Brezinsky, 
Alessandro Gomez and Fumiaki Takahashi .  Department o f  Mechanical and Aerospace 

Engineer ing,  Room D-329 Engineer ing Quadrangle,  P r ince ton  U n i v e r s i t y ,  P r ince ton ,  New 
J e r s e y  08544. 

ETvidence i n d i c a t e s  t h a t  t h e  f u e l  p y r o l y s i s  r a t e  is t h e  c o n t r o l l i n g  f a c t o r  i n  soo t  
formation.  Under pre-mixed flame c o n d i t i o n s ,  t h e  r a t e  o f  i n c r e a s e  wi th  temperature  of 
f u e l  p y r o l y s i s  t o  form t h e  s o o t  p r e c u r s o r s  i s  s lower than  t h e  r a t e  o f  i n c r e a s e  of o x i -  
d a t i o n .  Thus inc reas ing  t h e  flame t empera tu re  dec reases  t h e  tendency t o  s o o t .  Soot ing 
equivalence r a t i o  d a t a  and chemical k i n e t i c  flow r e a c t o r  r e s u l t s  support  t h i s  p o s t u l a t e  
and show t h a t  p rev ious  l i s t s  c a t e g o r i z i n g  t h e  tendency o f  f u e l s  t o  s o o t  a r e  misleading,  
Recent k i n e t i c  r e s u l t s  on t h e  ox ida t ion  of  aromatics  g i v e s  g r e a t  i n s i g h t  w i th  r ega rd  t o  
+he aromatics  p ropens i ty  t o  s o o t .  Since  t h e r e  i s  no o x i d a t i v e  a t t a c k  o f  t h e  f u e l  i n  a 
d i f f u s i o n  f lame,  s o o t i n g  tendency i n c r e a s e s  wi th  i n c r e a s i n g  flame temperature .  
p o i n t  d a t a  as a func t ion  o f  temperature  r e v e a l s  t h e  importance of f u e l  p y r o l y s i s  k i n e t i c s  
and i n i t i a l  f u e l  s t r u c t u r e .  
on ly  i s  the p y r o l y s i s  r a t e  impor t an t ,  bu t  also t h e  p y r o l y s i s  i n t e rmed ia t e s  formed, 

Smoke 

Flow r e a c t o r  p y r o l y s i s  k i n e t i c  r e s u l t s  i n d i c a t e  t h a t  n o t  

SURFACE GROWTH OF SOOT PARTICLES I N  PREMIXED ETHYLENE FLAMES 
Stephen J. H a r r i s  and An i ta  M .  Weiner. General Motors Research Labora tor ies  

Warren, Michigan 48090. 

Most o f  the  mass of  soo t  p a r t i c l e s  i s  p rov ided by a heterogeneous process c a l l e d  
sur face  growth, i n  which gas phase hydrocarbon molecules (growth species) r e a c t  chemi- 
c a l l y  w i t h  and become incorpora ted  i n t o  t h e  soot  p a r t i c l e s .  
g r e a t l y  increased surface growth found i n  r i c h e r  flames i s  accounted f o r  p r i m a r i l y  by 
the  increased sur face  area a v a i l a b l e  f o r  growth i n  those flames, r a t h e r  than by a 
h igher  concent ra t ion  o f  growth species.  Thus, r i c h e r  flames a r e  s o o t i e r  because they 
have a h igher  n u c l e a t i o n  r a t e .  Dep le t ion  o f  t h e  growth species does n o t  occur i n  our  
flames. Therefore, t h e  f i n a l  mass reached by t h e  soot p a r t i c l e s ,  when surface growth 
has v i r t u a l l y  ceased, i s  determined by a decrease i n  t h e  r e a c t i v i t y  o f  the soot .  Our 
data and our ana lys is  a re  c o n s i s t e n t  w i t h  sur face  growth being due p r i m a r i l y  t o  a f i r s t  
o rder  r e a c t i o n  of  acetylene w i t h  the  soo t  p a r t i c l e s ,  d iace ty lene p l a y i n g  a minor r o l e .  

We have found t h a t  the  
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I O N  CONCENTRATIONS I N  PREMIXED ACETYLENE FLAMES.* 

A l a r g e  v a r i e t y  of i o n i c  s p e c i e s  have been observed i n  premixed C2H1/O2 f lames.  In  
nonsooting f lames,  t h e  major i o n i c  s p e c i e s  are of low mass (19 OK 39 amu) wh i l e  i n  f u e l  
r i c h ,  soo t ing  flames,  much h ighe r  i on  masses a r e  observed,  i n  Support  of an i o n i c  s o o t  
Precursor  mechanism. In  o rde r  t o  e v a l u a t e  t h e  r o l e  of flame chemi-ions i n  t h e  s o o t  i n i -  
t i a t i o n  process ,  we have used t h e  e l e c t r o s t a t i c  Langmuir probe technique t o  measure abso- 
l u t e  t o t a l  i o n  concen t r a t ion  p r o f i l e s  a s  f u n c t i o n s  of he igh t  above t h e  burner  i n  low 
p res su re ,  laminar premixed C z H z / O Z  and C,H,/O,/M (M = d i l u e n t )  f lames wi th  equivalence 
r a t i o s ,  $, from cons ide rab ly  l e s s  than t o  s i g n i f i c a n t l y  g r e a t e r  than t h e  th re sho ld  equiv- 
a l e n c e  r a t i o ,  oc ,  where s o o t  is  f i r s t  observed.  
c r e a s e s  with inc reas ing  equ iva lence  r a t i o  i n  both nonsoot ing and s o o t i n g  f lames.  However, 
i n  very f u e l  r i c h  s o o t i n g  f lames t h e  maximum ion  concen t r a t ion  e v e n t u a l l y  begins  t o  in -  
c r e a s e  wi th  f u r t h e r  f lame enrichment.  This  phenonenon and t h e  observed temperature  
e f f e c t s  on t h e  ion  p r o f i l e s ,  i on  concen t r a t ions ,  and s o o t  t h re sho ld  w i l l  be  desc r ibed .  
The impl i ca t ions  of t h e  obse rva t ions  on t h e  i o n i c  theory of s o o t  formation w i l l  be  
d i scussed .  

D.G.  K e i l ,  R . J .  G i l l ,  and 1 D.B.  Olson 

The maximum flame ion  concen t r a t ion  de- 

*Work supported by DOE-Pittsburgh Energy Technology Center under Contract  No. DE- 
AC22-80PC30304 and A i r  Force Of f i ce  of S c i e n t i f i c  Research under Contract  No. 
F49620-81-C-0030. 

REACTIVITIES A N D  STRUCTURES OF C H g  IONS A N D  THEIR RELATIONSHIP TO SOOT FORMTION. 
F. W .  B r i l l ,  T. J .  Buckley, and 5 .  R .  E  l e r ,  Department of Chemistry,  University 

of F lo r ida ,  Ga inesv i l l e ,  F lor ida  32611 and <. G .  L ias  and P .  J .  Ausloos,  National 
Bureau of S tandards ,  Washington, D.C .  

c l e a t i o n  in  f u e l - r i c h  flames ( 1 ) .  
of ion-molecule r e a c t i o n s  invo lv ing  known flame ions  and n e u t r a l s ,  and of using a 
v a r i e t y  of mass spec t romet r i c  techniques  t o  de te rmine  t h e  s t r u c t u r e s  of t h e  va r ious  
i somer ic  ions  which may be involved i n  t h e s e  r eac t ions .  Early work concent ra ted  on 
C Ht i ons ,  bu t  s t u d i e s  have now been extended t o  C5HS. 
b$ jormed by e l e c t r o n  impact on neut ra l  p recu r so r s ,  and we have determined t h e i r  ion- 
molecule r eac t ion  r a t e  c o n s t a n t s  w i t h  a number o f  n e u t r a l s  found in  f lames ,  and have 
c a r r i e d  out  both experimental  and t h e o r e t i c a l  s t u d i e s  t o  he lp  determine which of many 
poss ib l e  s t r u c t u r e s  should be ass igned  t o  each isomer. 
w i l l  be presented and their re levance  t o  i o n i c  soot formation mechanisms d i scussed .  

H .F .  Ca lco te ,  Combustion and Flame 42, 215 (1981) .  

P . J .  Ausloos and S.G. L ia s ,  J .  Amer. Chem. SOC. E, 6505 (1981) .  

F.W. B r i l l  and J.R. Ey le r ,  J .  Phys. Chem. 85, 1091 (1981) .  

20234. 

Ion-molecule r e a c t i o n s  have been proposed as  important i n  t h e  process  of s o o t  nu -  
We have begun ( 2 , 3 )  a program of measuring t h e  r a t e s  

Several  i somer ic  C5Hg ions  can 

, S t r u c t u r e  and r e a c t i v i t y  r e s u l t s  

1. 

2 .  

3. 
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THE DEPENDENCE OF SOOT YIELD ON FLAME CONDITIONS -- A UNIFYING PICTURE. 
Howard S. H u  
NJ 07036. 

Exxon Research and Engineer ing Company, P. 0. Box 51, Linden, 

A p l o t  i s  presented which summarizes the t rends  o f  soo t  y i e l d  as a f u n c t i o n  
o f  f lame temperature and equivalence r a t i o  f o r  bo th  premixed flames and d i f f u s i o n  
flames. 
f r o m  publ ished data. For u n d e r v e n t i l a t e d  d i f f u s i o n  flames, the  inc rease i n  soot 
y i e l d  w i t h  inc reas ing  flame temperature and w i t h  a d d i t i o n  o f  small amounts o f  oxygen 
t o  t h e  fuel  s i d e  are represented. 
w i t h  inc reas ing  equivalence r a t i o  and t h e  decrease i n  soot  y i e l d  w i t h  inc reas ing  
flame temperature are represented. 
y i e l d  i s  a f u n c t i o n  of  heterogeneous post-flame o x i d a t i o n  which i s  discussed 
separately from the  p l o t .  
temperature versus equivalence r a t i o  are included. 
burner experiment -- a c o n s o l i d a t i o n  o f  experiments c i t e d  i n  the  l i t e r a t u r e  -- i s  
presented t o  show how t h e  p l o t  u n i f i e s  much phenomenological data on soot format ion.  
Armed w i t h  t h i s  summary, a researcher should be b e t t e r  ab le  t o  i n t e r p r e t  the complex 
changes o f  soo t  y i e l d  w i t h  o p e r a t i n g  c o n d i t i o n s  of p r a c t i c a l  devices. 

Schematic contours o f  soo t  y i e l d  are drawn t o  represent  t rends induced 

For premixed flames, t h e  inc rease i n  soot  y i e l d  

For o v e r v e n t i l a t e d  d i f f u s i o n  flames, the  soot 

For reference, c a l c u l a t e d  values o f  a d i a b a t i c  f lame 
A h y p o t h e t i c a l  l a b o r a t o r y  

KINETICS OF COAL PARTICLE GASIFICATION.* T.G. DiGiuseppe, S. Madronich, and W. 
F e l d e r ,  AeroChem Research Labora tor ies ,  I n c . ,  P.O. Box 12 ,  Pr ince ton ,  NJ 08540 

An understanding of t h e  chemica l  and p h y s i c a l  p r o c e s s e s  of c o a l  g a s i f i c a t i o n  may be 
obtained through a d e t a i l e d  s t u d y  of  t h e  k i n e t i c s  of  v o l a t i l e  r e a c t i o n  products  re leased  
during p y r o l y s i s  of  c o a l  p a r r i c l e s .  
of t h e  chemical t ransformat ions  o c c u r r i n g  d u r i n g  t h e  g a s i f i c a t i o n  of  c o a l  p a r t i c l e s ,  
using AeroChem's High Temperature  Fas t  Flow Reactor  (HTFFR). 
p a r t i c l e s  are e n t r a i n e d  i n t o  t h e  HTFFR through a f l u i d i z e d  bed and are pyrolyzed,under  
c o n t r o l l e d  c o n d i t i o n s  of tempera ture ,  p r e s s u r e ,  and gas  f low v e l o c i t y .  
mechanis t ic  in format ion  i s  obta ined  by r e a l  time d e t e c t i o n  of  t h e  pr imary products  of 
t h e  pyro lyz ing  c o a l .  I n  our  i n i t i a l  exper iments ,  g a s  chromatography has  been used f o r  
t h e  d e t e c t i o n  of carbon monoxide, methane, water, and carbon d ioxide .  Q u a n t i t a t i v e  
measurements of t h e  c o n c e n t r a t i o n s  of  t h e s e  s p e c i e s  have been obta ined  f o r  100 !Jm diam 
c o a l  p a r t i c l e s  pyro lyz ing  a t  tempera tures  from 1000 K t o  1300 K a t  p r e s s u r e s  t o  50 Torr ,  
and res idence  t imes  from 0 . 5  t o  1 . 5  s. 
techniques a r e  c u r r e n t l y  b e i n g  used f o r  t h e  q u a n t i t a t i v e  d e t e c t i o n  of hydrocarbon prod- 
ucts. These results w i l l  be  a p p l i e d  t o  the  development of  b a s i c  q u a n t i t a t i v e  models of 
t h e  c o a l  g a s i f i c a t i o n  process .  

We have r e c e n t l y  begun a s y s t e m a t i c  i n v e s t i g a t i o n  

Fresh ly  prepared s i z e d  Coal 

K i n e t i c  and 

Gas chromatographic  and mass spec t romet r ic  

* 
Work supported by the Gas Research Inst i tute  under Cont rac t  No. 5081-360-0531. 
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KED)RETICAL IMrESTICATIONS OF RFACTION PAWAYS FOR ?HE OXIDATION OF NH AND NH2 
RADICALS! C. F. Melius and J. S. Binkley. Sandia  Nat iona l  Labora tor ies ,  Livermore 

! Cal i fo rn ia  9 4 5 5 0 .  1 
Reaction in te rmedia tes  and p o s s i b l e  products  f o r  t h e  r e a c t i o n s  of t h e  NH and NHz 

r a d i c a l s  wi th  0, 02 and NO have been i n v e s t i g a t e d  us ing  t h e  r e c e n t l y  developed BAC-bP4 
method (bond-addi t iv i ty  c o r r e c t i o n s  a p p l i e d  t o  f o u r t h - o r d e r  M l l e r - P l e s s e t  p e r t u r b a t i o n  
theo ry ) .  
t r a n s i t i o n  s t r u c t u r e  spec ie s  us ing  a  s p l i t - v a l e n c e  p o l a r i z e d  b a s i s  a t  t h e  Hartree-Fock 

p e r t u r b a t i o n  theory t o t a l  ene rg ie s  a r e  combined wi th  t h e  b o n d - a d d i t i v i t y  c o r r e c t i o n s  t o  
o b t a i n  f i n a l  t o t a l  ene rg ie s .  
have not  been performed, e s t i n a t e s  of t h e  b a r r i e r s  a r e  nade. These r e s u l t s  a r e  used t o  
p r e d i c t  l i k e l y  pathways f o r  r e a c t i o n s  of  t hese  spec ie s  o c c u r r i n g  under va r ious  tempera- 
t u r e  and p res su re  cond i t ions .  
da t a  and wi th  var ious  chemical k i n e t i c s  models used i n  combustion. 

S t a t iona ry -po in t  geometries have been c a l c u l a t e d  f o r  s t a b l e  minima and s e l e c t e d  
I 
I l e v e l .  Using these  geometries ze ro -po in t  v i b r a t i o n a l  c o r r e c t i o n s  and f o u r t h - o r d e r  

I n  those  cases  where t r a n s i t i o n  s t r u c t u r e  c a l c u l a t i o n s  

Our r e s u l t s  a r e  compared w i t h  a v a i l a b l e  e x p e r h e n t a l  

*This work was sLipported by t h e  U.S. Dept. o f  Energy. 

LASER PHOTOLYSIS/LASER-INDUCED FLUORESCENCE KINETIC STUDIES OF ELEMEmARY COMBUSTION 
REACTIONS.* Frank P. Tul ly ,  Applied Physics  Div is ion ,  Sandia  Nat iona l  L a b o r a t o r i e s ,  

Livermore, CA 94550. 

A new, laser -based ,  chemical  k i n e t i c s  technique  has  been demonstrated i n  s t u d i e s  of 
t h e  r e a c t i o n s  of t h e  hydroxyl r a d i c a l  wi th  pro to type  hydrocarbon f u e l  molecules. 
ing  r e a c t i o n  i n i t i a t i o n  by excimer laser p h o t o l y s i s ,  t ime-resolved OH concent ra t ion  pro- 
f i l e s  were measured wi th  a h i g h l y  s e n s i t i v e ,  quasi-cw, laser- induced f luorescence  method 
The v i s i b l e  output  of  a synchronously pumped dye l a s e r ,  a t r a i n  of  p u l s e s  of 3-6 n J  
energy and 8-10 ps d u r a t i o n  a t  a r e p e t i t i o n  r a t e  of 246 MHz, h a s  been frequency-doubled 
us ing  temperature- and angle-tuned SHG c r y s t a l s .  
u l t r a v i o l e t ,  l a s e r  r a d i a t i o n  has  been generated.  OH f luorescence  was e x c i t e d  a t  308.16 

i n  S/B over those  o b t a i n a b l e  wi th  resonance lamp d e t e c t i o n ,  were c o l l e c t e d  a s  f u n c t i o n s  
of gas  mixture composition. Absolute  r e a c t i o n  r a t e  c o e f f i c i e n t s  were measured over  t h e  
temperature  and pressure  ranges 291-1000 K and 50-600 Torr ,  r e s p e c t i v e l y .  Mechanis t ic  
information was obta ined  d i r e c t l y  from t h e  OH decays and as a result of deuter ium sub- 
s t i t u t i o n  in  r e a c t a n t s .  For example, i n  t h e  r e a c t i o n  between hydroxyl  r a d i c a l s  and 
e t h y l e n e ,  t h e  mechanism i s  dominated a t  low tempera tures  by e l e c t r o p h i l i c  a d d i t i o n  of OH 
t o  t h e  double bond, and ,  a s  t h e  temperature  i s  r a i s e d ,  by i n c r e a s i n g l y  rap id  decomposi- 
t i o n  of  the thermalized adduct HOC2H4 back t o  r e a c t a n t s .  The c u r r e n t  s ta tus  of exper i -  
ments utilizing t h i s  powerful technique  will be d iscussed .  

*This work was supported by t h e  U.S. Department of Energy. 

Follow- 

h 

More than  50 mW of quasi-cw, t u n a b l e  

I nm, and OH decay p r o f i l e s ,  c h a r a c t e r i z e d  by a t  l e a s t  one o r d e r  of magnitude improvement 

LASER pYROLYSIS/LASER FLUORESCENCE MEASUREMENT OF THE OH + C2H2 REACTION RATE NEAR 
1200 K . Paul W. F a i r c h i l d ,  Gregory P. Smith, and David R. Crosley.  

SRI  I n t e r n a t i o n a l ,  Menlo Park,  C a l i f o r n i a  94025. 

A l a s e r  p y r o l y s i s / l a s e r  f luorescence  appara tus  has  been used t o  measure t h e  rate 
cons tan t  f o r  the  r e a c t i o n  of hydroxyl r a d i c a l s  wi th  a c e t y l e n e  a t  temperatures  near  
1200 K. was i r r a d i a t e d  wi th  a pulsed C02 l a s e r ,  caus ing  
rap id  hea t ing  and pyrolyzing t h e  peroxide t o  form OH r a d i c a l s .  The OH concent ra t ion  is 
then measured using f luorescence  f r o n  e l e c t r o n i c a l l y  e x c i t e d  OH. This  is produced by a 

A mixture  of SF6, N2 and H 0 2 2  
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frequency doubled dye l a s e r ,  f i r e d  a f t e r  a v a r i a b l e  t ime de lay  fol lowing the  C02 l a s e r .  
Addition of CZHz causes  a dec rease  in t he  OH s i g n a l  w i th  t ime,  p remi t t i ng  a measurement of 
t h e  r a t e  cons t an t .  Experiments were performed a t  a t o t a l  p re s su re  of 40 t o m  and a 
temperature o f  1160 f 50 K as determined by r o t a t i o n a l  e x c i t a t i o n  scans i n  the OH. A 
value of 4 x 10-13cm3/sec was determined f o r  t h e s e  c o n d i t i o n s ;  measurements extendlng t h e  
range of temperature  and p res su re  a r e  f n  p rogres s .  

*Supported by t h e  Department of Energy under Contract  DE-AC03-81ER10906. 

MEASUREMENT OF THE C z  ( a3n  ) DISAPPEARANCE RATES WITH 0 2  IN THE 298 - 1300 K 
TEMPERATURE RANGE. Steven E. Baughcum and Richard C .  Oldenborg, Un ive r s i ty  of 

C a l i f o r n i a ,  Los Alamos Nat ional  Laboratory,  Chemistry Div i s ion ,  Los Alamos, New 
Mexico, 87545. 

The disappearance r a t e s  o f  C Z  (a'n ) (PO, v = l ,  and v=Z) i n  t h e  presence of 0 2  have 
been measured ove r  t h e  298-1300 K t e m p e d t u r e  range.  
d i s s o c i a t i o n  o f  CFaCCCFs a t  193 nm and probed by laser- induced f luo rescence  tuned t o  t h e  
dC3n ) f a(311 ) t r a n s i t i o n .  
tempgrature i': f i t  extremely we l l  by t h e  Arrhenius  expres s ion  Yk(T) A exp (-E/RT)) with 
a b a r r i e r  o f  0 .97 kcal/mole.  The q u a l i t y  of  t h e  f i t  ove r  such a l a r g e  temperature  range 
provides  a t e s t  o f  p rev ious ly  proposed models o f  t h e  C Z  + 0 2  system, which do not  p r e d i c t  
simple Arrhenius  behavior .  Our r e s u l t s  a r e  c o n s i s t e n t  w i th  a model i n  which t h e  e q u i l i -  
b r a t i o n  r a t e  between C Z  (a3JI ) and Cz (X  ' E + )  i n  t h e  p re sence  o f  02 i s  t h e  r a t e  limiting 
s t e p ,  r a t h e r  t han  t h e  react& rate.  The measured-barr ier  h e i g h t  o f  0.97 kcal/mole i s  
then  t h e  b a r r i e r  f o r  i n t e r sys t em c r o s s i n g  i n  t h e  'CZ + 02 + ' C Z  + 02 r e a c t i o n .  
a l  experiments on  C Z  (X  'E+) k i n e t i c s  w i l l  be  p re sen ted .  

The C Z  i s  produced by 2-photon 

The disappearance r a t e  o f  C z  ( a3n  ) (v=O) a s  a func t ion  of 

Addition- 

g 

REACTION OF C H WITH 0 : RATE CONSTANT FOR CO FORMATION. A .  H .  LAUFER 
and R.  L E C H L E T D E R ,  Nat?onal Bureau of Standards,  Chemical Kinetics 
Div i s ion ,  Center f o r  Chemical Physics ,  Washinton, DC 20234. 

The r a t e  c o n s t a n t  f o r  CO product ion from t h e  reaction o f  C H w i t h  0 has been i n -  
v e s t i g a t e d  us ing  f l a s h  p h o t o l y s i s  of a s u i t a b l e  C H precursor i6  conjunc?ion with 
a n a l y s i s  o f  CO by abso rp t ion  i n  t h e  vacuum u l t r a v ? o l e t .  
determined by t i t r a t i o n  wi th  added a lkanes  fol lowed by gas  chromatogrTghi5 a n a l y f i s l o f  
product C H 2 :  
CO increage i s  b e s t  explained as o r i g i n a t i n g  from two primary reaction channels  

C2H concen t r a t ions  were 

The r a t e  cons t an t  was determined t o  be 4 .0  2 0.5 x 10- cm molec- s 

a )  

b )  

. The 

C2H t O2 = C2H0 t 0 

C2H t O2 = CO t HCO 

The  best f i t  to  the d a t a  sugges t s  tha t  ( a )  represents 20% o f  the t o t a l  process. The 
r e l a t i o n s h i p  o f  the  C2H t O2 rate cons t an t  t o  those for r e a c t i o n  of C2H w i th  hydrocarbons 
w i l l  be d i scussed .  
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REACTION OF CARBON MONOXIDE WITH OXYGEN ATOMS PRODUCED I N  THE THEWAL DECOEIPOSITION 
OF OZONE, S .  Toby, S. She th ,  F.S. Toby, Dept. of Chemistry,  Rutgers U n i v e r s i t y ,  
Piscataway, N J  08854  

The r e a c t i o n  o f  CO wi th  O3 h a s  been r e i n v e s t i g a t e d  i n  t h e  range  8O-16O0C and i t  was 
shown t h a t  t h e  prev ious ly  repor ted '  complex rate law occurs  as t h e  r e s u l t  o f  a c h a i n  re -  

computer s imula t ion  o f  t h e  system. 
duced t o  t h e  sequence O3 + CO 1, O(3P) + O2 + CO,  O(3P) + O3 > 202 followed by r e a c t i o n s  
o f  O(3P) with CO. 
i n t e n s i t y  w e  measured kq/k2 f o r  O(3P) + CO 
were found t o  have t h e  same tempera ture  dependence i n  t h e  range  s t u d i e d .  There was no 
t h i r d  body e f f e c t  on r e a c t i o n  k which i s  i n  agreement wi th  t h e  mechanism p o s t u l a t e d  by 
Pravi lov  and Smirnova3. 

1. S .  Toby and E. U l l r i c h ,  I n t .  J. Chem. Kins. ,  12, 535 (1980).  
2. D.H.  Stedman, D . K .  Branch and R. Pearson, Anal. Chem., 51, 2340 (1979). 
3 .  A.M. Prav i lov  and L.G. Smirnova, K i n e t i k a i K a t a l i z ,  22, 832 (1981). 

I a c t i o n  i n i t i a t e d  by t r a c e  i m p u r i t i e s  i n  t h e  CO. This  conclus ion  was also i n  accord wi th  a 
When t h e  CO was r i g o r o u s l y  p u r i f i e d 2  t h e  r e a c t i o n  re- 

These r e a c t i o n s  l e a d  t o  chemiluminescence and*by measuring t h e  e m i t t e d  
C02(3B2). The r a t e s  of r e a c t i o n s  4 and 2 

I 
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